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The reaction of (p,-H)20s3(CO)g(PPh3) with acetylene at room temperature provides 
two isomers of a hydridovinyl cluster. The solid-state structure of each isomer has been 
determined by single-crystal X-ray crystallography. The solution structures and dynamics 
have been studied by extensive 13C NMR studies, including 13C{1H} COSY and 13C spin 
saturation transfer experiments. 
*H and 13C NMR studies show that the reaction of (u.-H)20s3(CO)g(PPh3) with 
ethylene gives (|_i-H)20s3(CO)g(PPh3)(^-CHCH3), instead of the previously formulated 
complex (|x-H)(H)Os3(CO)9(PPh3)(C2H4). 
The reaction of (ji-H)20s3(CO)9(PMe2Ph) with BulNC produces two pairs of two 
isomers of an isonitrile cluster, (n.-H)(H)Os3(CO)9(PMe2Ph)(ButNC). The origin, structure, 
and dynamic behavior of these isomers have been investigated by 1H, 13C, and 31P NMR 
studies. 
The reaction of (|A-H)20s3(CO)g(PPh3) with ethereal diazomethane in chloroform gives 
a novel compound, [(n-H)2Os3(CO)8(PPh3)2]2(^-cw-CHCH=CHCH2CH), in which two 
triosmium carbonyl units are connected through a hydrocarbon fragment. This formulation is 
based on data obtained from mass spectrometry, elemental analysis, and extensive *H, 13C, 
and 31P NMR studies. 
A combination of 13C{!H} COSY, selectively lH decoupled 13C NMR, and *3C spin 
saturation transfer experiments on the pair of tautomers, (u.-H)Os3(*CO)io(n-CH3) / (u,-
H)20s3(*CO)iQ(n-CH2) has established the overall solution dynamics of these compounds. 
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Chapter 1: 
Introduction 
1.1. The Surface-Cluster Analogy 
The Surface-Cluster Analogy in Structure. It has been very well established 
that many gas-surface interactions have analogs in organometallic chemistry in general, and 
metal carbonyl cluster chemistry in particular.1"18 The distinguished surface scientist, 
Professor G. A. Somorjai, went so far as to say "For virtually every organic surface species 
found so far, there is a cluster equivalent that has been synthesized by organometallic 
chemists."15 This analogy, also known as the surface-cluster analogy, has prompted 
numerous comparisons of surface species with their organometallic analogs by both 
organometallic chemists2-9 and surface scientists.1-10"16 The results of the comparisons have 
led to the general conclusion that the nature of gas-surface interactions is at least qualitatively 
similar to the ligand-metal interaction.1 For example, it has been shown that vibrational modes 
of transition-metal surface species, typically measured by High Resolution Electron Energy 
Loss Spectroscopy (HREELS), give values similar to those of the corresponding ligands in 
organometallic complexes.17'19"24 The atomic structures of adsorbates on crystalline 
transition-metal surfaces obtained by Low Energy Electron Diffraction (LEED) studies have 
also been shown to be qualitatively similar to the crystallographically characterized structures of 
the corresponding ligands in organometallic compounds.114 
These results also indicate that a localized bonding model is adequate in describing the 
nature of bonding of species to a transition-metal surface.1 This point is further supported by 
the fact that photoelectron spectra of surface adsorbates are similar to those of the 
corresponding organometallic complexes.25-26 Moreover, calculations on the chemisorption of 
acetylene, vinylidene, and ethylidyne fragments on metal surfaces show that the topology of 
the interactions in certain ligand-clustcr systems is similar to that of the adsorbate-surface 
2 
system.18 All these results illustrate the validity of the local bonding model to represent the 
interaction of the surface species and the surface. 
One of the most commonly encountered hydrocarbon fragments on transition-metal 
surfaces is the ethylidyne fragment, which frequently forms upon decomposition of ethylene 
on a single-crystal surface of a second or third-row transition metal such as Pt (11l),10-14 Rh 
(111),14 Pd(l 1l),2?-28 Ru(OOl),29-30 Ir(l 11)31 or Pd(lOO).32 Structural data of ethylidyne on 
the Pt (111) and Rh(l l l ) surfaces, found by LEED studies, were compared to data for 
analogous species on molecular cluster compounds, namely, Co3(CO)g(u3-CCH3), (n-
H)3Ru3(CO)9(^3-CCH3), and (^-H)30s3(CO)9(u3-CCH3).12'13 The carbon-carbon bond in 
the ethylidyne moiety is perpendicular to the metal surfaces or the plane defined by the three 
metal atoms of the cluster. In the same fragment the a carbon is a-bonded to each of the three 
metal atoms with essentially the same metal-carbon a-bond length. 
R = H, CH3, C6H5 
#=Os 
R = H,CH3 
onPt( l l l )orRh(l l l ) 
R = C6HS 
on Ni(lll), Ni(100), Pt(100) or Pt(lll) 
3 
Another alkylidyne fragment found both in metal carbonyl clusters and on crystalline 
metal surfaces is the methylidyne species. Methylidyne moieties on Pt (111) and Rh(lll) 
surfaces are believed to form upon the thermal decomposition of ethylidyne.10 The 
methylidyne ligand is also present in the discrete molecular cluster, (u,-H)30s3(CO)9(u3-
CH).3335 
Benzyl idyne species have been proposed as products in the chemisorption of toluene on 
surfaces such as Ni( 11l)36-37 Ni( 1 GO)36-3? Pt( 100),36-37 and Pt( 111)38 via cleavage of the 
C-H bonds in the methyl group. These metal surfaces are composed of triangular arrays of 
metal atoms. The benzyl idyne ligand coordinated to three metal atoms is also found in 
transition-metal carbonyl clusters such as Co3(CO)9(u3-CPh)39-40and (u,-H)30s3(CO)g(n3-
CPh).41 
Another type of hydrocarbon moiety found both in molecular metal clusters and on 
surfaces is ethylene. It occurs in Zeise's salt, K[Pt(r|2-CH2=CH2)Cl3]42 and as the 
physisorbed ethylene occupying the top site of a metal atom on a crystalline Rh surface (Figure 
LI).14-15 The vinylidene moiety contained in the cluster, (u,-H)20s3(CO)9(u3-T)2-C=CH2),43" 
4 5
 was also shown to be present on the Rh(lll) surface.14-15 The acetylide ligand in the 
cluster, (u,-H)Os3(CO)g(n3, TJ--CCH),46 was proposed as a model for the acetylide fragment 
found on the Rh (111) surface upon the decomposition of ethylidyne species.1315 
The examples above all share a common local structure composed of triangular arrays 
of metal atoms. This cluster-surface analogy further extends to hydrocarbyl fragments bonded 
to four metal atoms. The presence of the ethylidyne species on the four-fold site of the face-
centered cubic Rh (100) surface has been confirmed by HREELS (Figure 1.2).47-48 This 
coordination geometry of the ethylidyne adsorbate was shown to be analogous to that of the 
ethylidyne ligand in Os6(CO)i6(m-CCH3)(u3-CCH3) that coordinates to four metal atoms in a 
square planar arrangement.49 Likewise, the acetylide species, identified by HREELS on the 
four-fold site on the face-centered cubic Rh(100) surface,14-47 was compared to the 
4 
Figure 1.1. Some examples of the surface-cluster analogy. 
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Figure 1.2. Examples of the surface-cluster analogy involving a tetragonal arrangement of 
four metal atoms. 
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phenylacetylide fragment on the square array of the four ruthenium atoms in 
Ru5(CO) i3(CCPh)(PPh2).50 
The Surface-Cluster Analogy in Reactivity. So far the surface-cluster 
analogy has tended to focus on the structural similarity between adsorbates on transition-metal 
surfaces and the corresponding ligands in metal carbonyl clusters. Though similarities in 
reactivity between metal clusters and surfaces have been pointed out in the early stage of the 
development of the analogy,2 rarely has the reactivity of the hydrocarbyl moiety on surfaces 
and in clusters been compared. For example, though the formation and cleavage of C-C, CO, 
C-H, and other bonds in ligands contained on transition-metal carbonyl clusters have been 
reviewed, corresponding studies on surfaces were not mentioned.7 Similarly, while the 
surface-cluster analogy is mentioned in the introduction of a review article on the 
crystallographic structures, spectroscopic characterization, and reactivity of transition-metal 
carbidocarbonyl clusters, the analogous reactivity of carbide atoms on surfaces was omitted.8 
The surface-cluster analogy in reactivity is not well developed mainly because studies 
on the reactions of well-characterized adsorbates with other adsorbates or incoming gas 
molecules are still limited. Only in the last decade has coadsorption of two gases on a clean 
crystalline transition-metal surface become a common area of research.51 Among these 
systems the coadsorption of H2 and CO, which does not lead to chemical reaction on surfaces 
under ultrahigh vacuum condition, has been one of the most thoroughly investigated.51 
However, there have been a limited number of studies involving reactions of gaseous 
unsaturated hydrocarbons on a well-characterized crystalline transition-metal surface covered 
with hydrogen atoms. These studies have demonstrated that hydrogen atoms on the surfaces 
alter the reactivity of the unsaturated hydrocarbons on the surfaces. These studies shed light on 
the rearrangements of unsaturated hydrocarbons at transition-metal centers, which are of 
fundamental importance in a number of catalytic processes such as isomerization, 
9 
oligomer!zation, and polymerization, and in stoichiometric transformations employed in 
organic synthesis.52-53 
We will discuss a few examples in which the chemisorption of a gaseous unsaturated 
hydrocarbon compound onto a clean transition-metal surface without hydrogen is similar to the 
chemical transformation of the gaseous unsaturated hydrocarbon compound with a metal 
carbonyl cluster that does not contain any hydrides. It will also be shown that when hydrogen 
is initially adsorbed on a transition-metal surface, the reactivity of a gaseous unsaturated 
hydrocarbon compound onto the hydrogen-covered surface is similar to its reactivity with a 
metal hydride carbonyl cluster. 
Acetylene Chemisorption. Acetylene adsorption on a variety of crystalline 
transition-metal surfaces has been studied with HREELS. In the low temperature phase the 
molecularly chemisorbed acetylene is known to take the so-called di-a, Jt bonded HC=CH 
structure in numerous surfaces such as Rh(l 11),10 Pt(l 11),10 Ni(l 11),54-55 W(llO),56 
W(l 11),57 and W(IOO)58 (Figure 1.3). The acetylene moiety interacts with three metal atoms 
in a triangular array. The carbon-carbon bond in the surface species is parallel to the surface 
such that each carbon atom has a a-bond to one metal atom, and the remaining x bond 
interacts with the third metal atom. 
This molecular adsorption of acetylene on a metal surface is related to the reaction of 
Os3(CO)io(NCCH3)2 with acetylene at room temperature to give the coordinated acetylene 
complex, Os3(CO) io(K3,11--C2H2), which contains a ligand analogous to the surface species 
(Figure 1.3).19 The starting complex readily loses highly labile acetonitrile ligands in solution, 
and it has been proposed to produce an unsaturated, unstable, and reactive intermediate 
"Os3(CO)io".59 The real intermediate in solution, however, can be the saturated complex 
"Os3(CO)io(L)2" formed by the substitution of the acetonitrile ligands with solvent or 
incoming acetylene molecules (L), rather than the proposed unsaturated complex "Os3(CO)io". 
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In either case Os3(CO)io(NCCH3)2 can be viewed as a model for a clean transition-metal 
surface in the limited sense that it readily provides sites for incoming molecules by dissociation 
or substitution of the acetonitrile ligands. 
In general, triosmium carbonyl clusters are very suitable models for crystalline 
transition-metal surfaces. Firstly, osmium is a third-row transition-metal, and the cluster is 
less susceptible to fragmentation than it would be for first or second row transition-metals.2 
This characteristic makes the system quite appropriate for following the transformation of a 
hydrocarbyl moiety. Secondly, the transformations of hydrocarbyl moieties in a variety of 
clusters have been well documented.60-61 As shown before, hydrocarbon fragments such as 
CH, CH2, CH3, u3-r|2-CCH, |_i3-T|2_c=CH2, and U3-CCH3 are found in transition-metal 
metal surfaces1015 as well as in triosmium carbonyl clusters.7-9-60-61 
HREELS studies have shown that molecularly adsorbed acetylene on the hexagonally 
close-packed Ru (001) surface decomposes in the temperature range of 230 and 250 K to give 
the two surface species, ethylidyne and acetylide (Figure 1.3).62 Analogously, the pyrolysis 
of Os3(CO)io(H3, T|2-C2H2) leads to the acetylide complex, (u-H)Os3(CO)io(u3, T|2-CCH).19 
When a transition-metal surface is covered with adsorbed hydrogen before the 
introduction of acetylene, the reactivity of the gas on the surface changes. HREELS and TDS 
studies show that the adsorption of acetylene on the Ru (001) surface covered with hydrogen 
atoms gave a mixture of chemisorbed vinyl and acetylene species on the surface below 150 K 
(Figure 1.4) 6 3 At 180 K desorption of free ethylene was observed. In contrast, neither the 
surface vinyl species nor free ethylene was observed on the clean Ru (001) surface.62 The 
coadsorption of H2 and C2D2 or D2 and C2H2 on the surface leads to the exclusive formation 
of ethylene^.63 These crossover experiments confirm that the formation of the surface-
bound vinyl species or free ethylene results from the reaction of preadsorbed hydrogen with 
chemisorbed acetylene and not from a disproportionate reaction involving hydrogen atoms 
derived from acetylene decomposition. Apparently the hydrogenation of the vinyl moiety on 
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the surface yields ethylene. 
The hydride cluster, (M-H)20S3(CO)IO, can be regarded as a model for a metal surface 
with hydrogen atoms because this complex is formally unsaturated (46 valence electrons) and 
has vacant sites for nucleophilic attack. In addition, this complex also has hydride ligands, 
which are directly analogous to adsorbed hydrogen atoms on surfaces. Finally, both the 
surfaces and the metal carbonyl cluster contain three metal atoms arranged in triangular fashion. 
The reactivity of this hydride cluster with electrophiles, nucleophiles and unsaturated 
hydrocarbons has been extensively investigated.60-61 
This hydride cluster complex was shown to react with acetylene to give a complex with 
the vinyl moiety, (n--H)Os3(CO) io(m i]2-CH=CH2) (Figure 1.4).46 The vinyl fragment thus 
formed is analogous to the surface species observed in the reaction of acetylene with the Ru 
(001) surface with pre-adsorbed hydrogen atoms.63 Unlike the surface analog, this vinyl 
complex does not give free ethylene. 
Since the insertion of acetylene to metal bound hydrogen atoms is observed both in the 
carbonyl cluster and on the metal surface, the reaction mechanism at the surface also can be 
quite similar to that in the cluster. The reaction of (u-H)20s3(CO)io ((u.-D)20s3(CO)io) with 
C2D2 (C2H2) stereospecifically gives (^-H)Os3(CO)io(m T|2-cw-CD=CHD) ((U.-
D)OS3(CO)IO(U, r|2-cw-CH=CHD)).64 The same stereospecific insertion of acetylene may be 
operative on the surface also. Then subsequent reductive elimination of the vinyl moiety on the 
metal surface by the surface-bound hydrogen could produce ethylene. This proposed 
mechanism is consistent with the results of crossover experiments on the surface.63 
Ethylene Chemisorption. The adsorption of ethylene on transition-metal 
single-crystal surfaces is one of the most investigated systems in surface science. At low 
temperatures, regardless of the specific metal surface, ethylene molecularly adsorbs on the 
surface through donating % electrons to a metal atom. At higher temperatures on a second or 
third row transition-metal surface such as Pt(l 11),14 Rh(l 11),14 Pd(l 11),27-28 Ru(OOl),29-30 
16 
Ir(ll 1),31 and Pd(lOO),32 the ethylidyne species is invariably observed; on some surfaces the 
acetylide species is also observed in a similar temperature range. 
While ethylidyne formation upon the ethylene chemisorption on these surfaces has been 
thoroughly investigated with numerous surface techniques, no intermediate has been 
detected.10 However, the chemisorption of ethylene onto metal surfaces covered with 
adsorbed hydrogen gives surface species different from ethylidyne. 
When ethylene was introduced onto the Fe (001) surface presaturated with hydrogen, 
reversible formation of ethyl species occurred (Figure 1.5).65 The insertion reaction of 
ethylene with adsorbed hydrogen to form the ethyl group competes with molecular desorption 
of free ethylene from the ethyl moiety on the surface. No ethane formation was observed.65 
The formation of the ethyl species upon insertion of ethylene to a metal-bound 
hydrogen and its reverse reaction to release ethylene have been reported in metal carbonyl 
cluster chemistry also. When the unsaturated hydridocarbonyl cluster, (u,-H)20s3(CO)io, 
reacts with ethylene to give the vinyl complex, (|i-H)Os3(CO)io(n, r]2-CH=CH2), the ethyl 
complex, (fi-H)Os3(CO)io(m TP-CH2CH3), was shown to be the intermediate (Figure 1.6).68 
This ethyl complex also undergoes the reverse reaction, i.e., (3-hydrogen elimination to release 
ethylene gas and reform the starting complex.68 
When CO and H2 are coadsorbed on the Fe(lOO) surface, the adsorption of ethylene on 
the surface leads to the facile formation of ethane gas at 170 K (Figure 1.5).65 Without the 
coadsorption of CO with H2 on the surface, ethane formation does not occur.65 When CO was 
adsorbed onto a pretreated surface containing bound ethyl groups, both ethylene and ethane 
were evolved, and the yield of each gas was found to depend on the CO coverage.65 This 
result shows that the ethyl species is the intermediate for ethane formation and also that CO 
coadsorption promotes the hydrogenalion of the ethyl species. 
Likewise, in solution cluster chemistry the ethyl complex, (u.-H)Os3(CO)io(u., 1]2-
CH2CH3), is also an intermediate for hydrogenalion of ethylene. The ethyl fragment with a 
17 
Figure 1.5. Chemisorption of ethylene on transition-metal surfaces covered with hydrogen 
atoms. 
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hydride ligand in the ethyl complex undergoes reductive elimination to produce ethane; at the 
same time the complex further reacts with excess ethylene to form the final product, the vinyl 
cluster, (n-H)Os3(CO)io(u, TI2-CH=CH2) (Figure 1.6).68 
The difference caused by the coadsorption of CO in reactivity of ethylene with the 
Fe(100) surface adsorbed with hydrogen may be explained by the analogy in corresponding 
solution chemistry. The ethyl group contained on (|x-H)Os3(CO)io(m TI2-CH2CH3) 
presumably has an agostic interaction with one of the two hydrogens in the methylene unit, 
placing the hydrocarbyl ligand in a bridging position.68 On the surface in the absence of 
agostic interaction the alkyl group would naturally be located on an on-top site of one metal 
atom through terminal coordination. However, such a local structure seems very unstable 
because the (3 hydrogens, i.e. the methyl protons, in the ethyl moiety make this ligand highly 
susceptible to (3 hydrogen elimination to give free ethylene gas. This may be the case with the 
chemisorption of ethylene, which readily desorbs ethylene, onto the Fe(100) surface covered 
with hydrogen atoms in the absence of CO coadsorption. 
On the other hand CO coadsorption on the surface might alter the bonding mode of the 
ethyl species from terminal coordination in one metal atom to bridging coordination in two 
adjacent metal atoms with an agostic interaction, making it less susceptible to p hydrogen 
elimination and making it more favorable to reductive elimination to form free ethane. 
The presence of an agostic interaction on a transition-metal single-crystal surface has 
been proposed though such a term as agostic interaction was not mentioned.17 Cyclohexane 
adsorbed on Pt( 111) at 140 K exhibited a strong, broad band at 2590 cm 1 in addition to one at 
2900 cm1 that is in a normally expected CH stretch region for a saturated hydrocarbon.17 The 
additional band was interpreted as the interaction of a CH bond with the metal surface.17 
Similar strong, broad bands in the same region have been observed in the adsorption of 
cyclohexane on such surfaces as Ni(lll), Ru(001), Cu(lll), and Cu(100).17 
The hydrogenalion of ethylene was reported on other transition-metal surfaces with 
20 
Figure 1.6. Reaction pathway of H20s3(CO)io with ethylene. 
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adsorbed hydrogen also. The adsorption of ethylene on the Ru(OOl) surface covered with 
hydrogen atoms results in ethane formation below 250 K, and no self-hydrogenation of 
ethylene to ethane is observed.66 The reaction of ethylene on a surface treated with D2 
exclusively produced an isotopomer of C2H4D2 with negligible isotope scrambling.66 Clearly 
the ethane formation results from the reaction of ethylene with preadsorbed hydrogen on the 
surface and not with hydrogen derived from disproportionate of ethylene. Though the ethyl 
group was not spectroscopic^ly detected on the surface like the Fe(lOO) surface adsorbed with 
H2, it is a very likely intermediate for ethylene hydrogenalion. The mechanism of ethane 
formation on the Ru(001) surface with preadsorbed hydrogen is probably the same as that on 
the Fe (100) surface with coadsorbed CO and H2. 
Another example of the ethane generation upon ethylene adsorption on a metal surface 
was found from Pt(lll). When ethylene was adsorbed onto the Pt( 111) surface covered with 
hydrogen atoms the release of ethane gas was observed at temperatures below 270 K.67 
Ethylene Decomposition Pathway. Upon ethylene adsorption onto a 
crystalline transition-metal surface, ethylidyne species form frequently.14-15 The possible 
decomposition pathways are shown here in two cases: when hydrogen atoms are present on a 
surface, and when hydrogen atoms are not present on a surface. Each reaction step is 
compared to an analogous solution reaction in triosmium carbonyl chemistry. 
In the presence of surface bound hydrogen atoms the ethyl-ethylidene pathway has 
been proposed for the ethylene decomposition into ethylidyne species on a surface by Somorjai 
(Figure 1.5).14-15 The first reaction step in this pathway is insertion of ethylene into a surface 
bound hydrogen to give an ethyl fragment on a surface; such an ethyl intermediate is detected 
on the Fe(100) surface adsorbed with hydrogen atoms.65 
The second step in the decomposition pathway of adsorbed ethylene is the 
transformation of the ethyl to the ethylidene species. If an agostic interaction of the ethyl 
species on a transition-metal surface is assumed, the logical extension of this analogy suggests 
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the formation of ethylidene species through a-hydrogen abstraction as found in the ethyl 
moiety in (p,-H)Os3(CO) lofM^Hs).68 The conversion of an alkyl to an alkylidene moieties 
was also shown in a tautomer pair of (u,-H)Os3(CO) io(K-CH3) and (n-H)20s3(CO)io(H-
CH2) complexes.33 
Finally, another a-hydrogen abstraction of surface bound ethylidene fragments could 
produce the ubiquitous ethylidyne species on a surface. Transformation of alkylidene to 
alkylidyne moieties in a triosmium cluster framework has been reported; the pyrolysis of a pair 
of (u-H)Os3(CO)io(n-CH3) and (^-H)20s3(CO)io(ti-CH2) tautomers gives (\i-
H)30s3(CO)g(^3-CH).33 This is also another example that decarbonylation or a newly opened 
site in a cluster induces a-hydrogen abstraction from a hydrocarbyl ligand. 
In the absence of preadsorbed hydrogen atoms, thermal decomposition of molecularly 
adsorbed ethylene on a metal surface takes another pathway to the ethylidyne species, a-
hydrogen abstraction of surface-bound ethylene to form the vinyl species has been proposed as 
the initial step by Somorjai (Figure 1.7).14-15 Analogously, the reaction of 
Os3(CO)io(NCCH3)2 with ethylene forms the vinyl complex, (u.-H)Os3(CO)in(u., r|2-
CH=CH2).19 Then vinylidene species form on a surface by another a-hydrogen abstraction 
of the vinyl species.14-15 Analogouly, the pyrolysis of the vinyl complex, (u,-H)Os3(CO)io(u,, 
i12-CH=CH2), gives the vinylidene complex (u-H)2Os3(CO)9(u3, ii2-C=CH2)48-49; this is 
another example that thermal dissociation of a carbonyl ligand provides one free coordination 
site in the cluster, inducing a-hydrogen abstraction of the vinyl species. However, free 
coordination sites on the surface are readily available in neighboring atoms; thus, the activation 
energy of this a-hydrogen abstraction of the vinyl species can be much smaller on a surface 
than in a cluster complex. Finally, surface vinylidene could convert to ethylidyne in the 
presence of surface-bound hydrogen atoms derived from ethylene decomposition.14-15 
Analogously in solution cluster chemistry, treating (u,-H)20s3(CO)g(|.i3, T)2-C=CH2) with 
hydrogen in boiling n-octane produces (n-H)30s3(CO)9(u3-CCH3).19-60-61 
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Figure 1.7. Proposed decomposition pathway of ethylene on a clean transition-metal 
surface. 
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The surface-cluster analogy, as shown above, may hold in the realm of reactivity also. 
Here one example is introduced to show the possibility to stretch the analogy further into 
exchange mechanisms. The hydrogen atoms in the methyl group in the ethylidyne species on 
Rh(111) at 300 K underwent H-D exchange when exposed to deuterium gas at deuterium 
pressures of 1 atm.69 Likewise deuterides in (u,-D)30s3(CO)g(u3-CCH3) were found to 
exchange with methyl hydrogen atoms in the ethylidyne moiety.70 
Surface vs. Cluster. When we characterize the electronic, vibrational, and 
atomic-level structures of species bound to aggregates of transition-metal atoms and follow 
their subsequent catalytic or stoichiometric transformation, organometallic chemistry offers 
more convenient and definitive methods than surface science.2 Two strongest advantages of 
organometallic chemistry over surface science are solubility of organometallic compounds and 
the presence of separation, purification, and isolation techniques. 
Most of the molecular organometallic compounds are soluble in some common solvents 
due to their molecular size; this allows to employ a variety of solution methods in 
characterization and separation. For example, solution infra-red spectroscopy provides a 
convenient and routine method to follow a reaction of a metal carbonyl cluster by monitoring 
C O stretching modes of carbonyl ligands. Solution Fourier Transform (FT) NMR 
spectroscopy has been a powerful tool for detection and identification of cluster compounds as 
mentioned later. Field desorption mass spectrometry that relies on the volatility of a sample 
gives molecular weight and the masses of fragment ions; the isotopic pattern of an ion also tells 
the chemical formula of the ion. 
When a few species are present on a crystalline transition-metal surface, it is 
experimentally very difficult, if not impossible, to separate and isolate only one surface-bound 
species. In contrast, due to solubility or volatility of organometallic complexes, liquid or gas 
chromatography is a powerful method in separating a mixture of numerous products. For 
example, thin layer chromatography is a standard technique in working up a reaction mixture in 
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this work. Recrystallization is a centuries-old way to isolate a product for chemists. Needless 
to say, isolation is critical for the complete characterization of the compound. 
1.2. Objectives of the Present Study 
As mentioned above, triosmium carbonyl clusters serve as a model for transition-metal 
surfaces due to their robust skeleton and the variety of hydrocarbyl ligands they may contain. 
The reactivity of the unsaturated triosmium carbonyl cluster, H20s3(CO)io, with numerous 
unsaturated hydrocarbons and Lewis bases has been extensively investigated.60-61 This 
unsaturated hydride cluster is particularly an appropriate model for a transition-metal surface 
covered with hydrogen atoms. 
In contrast, the reactivity of phosphine-substituted analogs has received considerably 
less attention.7185 Phosphine substitution may alter the reactivity of clusters. Moreover, for 
the specific case of (|.t-H)20s3(CO)g(PR3), substitution creates two distinct sites, namely 
Os(CO)3 and Os(CO)2(PR3) centers, which may exhibit different reactivity. Although 
selectivity in similar reaction sites has received attention in organic synthesis, this is an area that 
has not been well explored in transition-metal carbonyl cluster chemistry. 
The initial goal of the work presented in this thesis was to characterize the products 
formed by the reaction of (|.i-H)20s3(CO)g(PPh3) with the prototypical alkyne, acetylene. 
The solid-state and solution structures of two isomers formed are described in Chapter 2. 
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Then the products of the reaction of (|i-H)20s3(CO)g(PPh3) with ethylene have been 
examined. The ethylidene complex, (u-H)20s3(CO)g(PPh3)(u.-CHCH3), has been isolated 
from this reaction and the details are discussed in Chapter 3. 
The selectivity in the two distinctive sites has been probed directly by investigating the 
reaction of (p,-H)20s3(CO)g(PPh3) with CO and Bu'NC; when the Os(CO)3 center is 
attacked, major rearrangement of ligands in the cluster occurs. The results are presented in 
Chapter 4. 
The reaction of (u.-H)20s3(CO)g(PPh3) with diazomethane in chloroform has been 
carried out. Besides the expected pair of tautomers, (|.i-H)Os3(CO)g(PPh3)(u,-CH3) / (\i-
H)20s3(CO)9(PPh3)(u.-CH2), one more product, [(n-H)2Os3(CO)8(PPh3)2]2(H<w-
CHCH=CHCH2CH), has been isolated. Its detailed characterization is presented in Chapter 5. 
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Finally, the detailed solution dynamics of a tautomer pair of (n.-H)20s3(CO)io(u.-CH2) 
and (u,-H)Os3(CO)io(n-CH3) complexes is revealed by a combination of 13C{1H} COSY, 
selectively lH decoupled 13C NMR, and 13C spin saturation transfer experiments with a 13CO 
enriched sample. 
1.3. 13C NMR Experiments 
In triosmium carbonyl cluster chemistry 13CO enrichment of the carbonyl ligands of a 
cluster and subsequent variable temperature 13C NMR experiments have been standard 
techniques.86"102 Traditionally the carbonyl resonances of a cluster have been assigned based 
on both the proton couplings and observed dynamic processes. However, this method more 
often than not leaves some carbonyl resonances unassigned due to the unavailability of 
sufficient data available and/or overlap of resonances. Without definitive assignments dynamic 
behavior may not be clearly delineated. 
The recent introduction of numerous ingenious pulse sequences along with the 
development of high-field FT NMR instruments have made NMR spectroscopy a powerful tool 
in chemistry research. Although, the application of two-dimensional (2D) NMR techniques to 
transition-metal carbonyl clusters has been increasing, it is still fairly limited. Some of the 
latest 13C NMR techniques applied to triosmium carbonyl clusters have allowed us to elicit 
more information from the systems than conventional techniques. Some techniques used in 
these studies are briefly reviewed below. 
lH Selective Decoupling. When 13C NMR spectra of a 13CO enriched 
carbonyl cluster has been recorded, for the *H decoupling the broad-band decoupling has been 
conventionally chosen. When the sample contains a few hydrides, this experiment, along with 
a lH coupled 13C NMR spectrum, shows whether a carbonyl is coupled to protons; however, 
the data does not specifically indicate which proton shows a coupling to the carbonyl. 
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In contrast, when each hydride is selectively decoupled in a series of 13C NMR 
experiments, it is possible to see which hydride is coupled to which carbonyl.103106 Since a 
three-bond coupling between a hydride proton nucleus and a carbonyl carbon nucleus that 
inevitably involves a metal-metal bond is unobservable, the presence of a 2J(CH) coupling 
indicates the hydride ligand is bonded to the same metal atom as the carbonyl.103106 
13C COSY. Information on 13C homonuclear couplings between carbonyl 
carbon nuclei has traditionally been neglected in assigning carbonyl resonances. The 
application of a 13C COSY experiment, however, has made the information readily available. 
Recently this technique has begun to be applied to 13CO enriched triosmium carbonyl 
clusters.107 
The off-diagonal peaks of a COSY spectrum in general reveal connectivities of two 
coupled nuclei. With the moderate 13CO enrichment commonly used in triosmium carbonyl 
clusters homonuclear couplings between carbonyl carbon nuclei are detected as cross peaks in 
the 13C{H} COSY spectrum. Then in a triosmium cluster only two-bond couplings appear in 
the cross peaks; a three-bond coupling that inevitably goes across a metal-metal bond, does not 
normally show up.108 Therefore, two resonances that compose an off-diagonal peak 
corresponds to two carbonyl ligands coordinated to the same osmium atom. 
Once the solution structure is known and the carbonyls are assigned, the solution 
dynamics may be investigated by a variable-temperature 13C NMR study. However, the utility 
of line shape analysis is limited when two or more dynamic processes are simultaneously 
present in a similar temperature range, because there is no way to distinguish which dynamic 
process is giving rise to the broadened resonance. 
13C Spin Saturation Transfer. The problem of distinguishing between 
competing dynamic processes is solved by carrying out spin saturation transfer experiments. 
The magnetization transfer upon the irradiation of a nucleus is readily observed by the decrease 
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in intensity of the other nuclei in exchange. The kinetic constant for the exchange is calculated 
by the relative decrease in intensity and the T% relaxation time.109-110 
One cannot forget that there is an added complication involved in the application of this 
technique to 13C nuclei. Theoretically, performing a 13C spin saturation transfer experiment is 
exactly the same as the analogous JH experiment. In practice, however, especially for a 
chemist, 13C nuclei are not as accessible as lH nuclei. While every FT-NMR instrument is 
equipped with lH decoupling, they are rarely equipped with heteronuclear decoupling, let alone 
a monitor of the heteronuclear irradiation power. Thus, to perform 13C spin saturation transfer 
in reality requires the use of extra electronic equipment attached to the NMR instrument. 
Caution should be paid not to use stronger decoupling power than necessary for probe 
protection. 13C spin saturation transfer experiments in a triosmium carbonyl cluster were first 
reported on H20s3(CO) iQ.111 
2D NOESY or 2D EXSY. When many resonances are involved in dynamic 
behavior, every resonance may need to be irradiated; this may lead to long experiment time. 
One way to avoid repetitious irradiation and extra electronic equipment for spin saturation 
transfer experiments is to perform the two-dimensional version of the same experiments, 
namely, 13C 2D NOESY.107 Some call the same pulse sequence 13C 2D Exchange 
Spectroscopy (2D EXSY).103-106 A cross peak reveals NOE and/or chemical exchange of two 
coupled nuclei. However, NOE is negligible between any 13C nuclei of carbonyl carbons in a 
triosmium cluster due to very small dipole-dipole interaction.111 Therefore, any cross peak in 
a 13C 2D NOESY spectrum refers to the chemical exchange of the two carbonyl ligands. The 
restriction of the rate constants and the other conditions for this experiment is found in 
references.112 Even the method of calculating the kinetic constants out of the 2D NOESY data 
sets has been reported.113-114 
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Chapter 2: 
Reaction of (u,-H)20s3(CO)9(PPh3) with Acetylene. Characterization 
of the Two Isomers of (n-H)Os3(CO)9(PPh3)(m T I 2 - C H = C H 2 ) 
2.1. Introduction 
The reaction of H20s3(CO)9(PR3) with acetylene (1 atm) at room temperature was 
reported to form two isomers of (u.-H)Os3(CO)9(PR3)(u, TI2-CH=CH2).1 The structures 
shown below were proposed without crystallographic studies. The two isomers did not 
interchange up to 95°C on the basis of lH NMR evidence. 
However, the two proposed structures should be interconvertible by the vinyl flipping 
mechanism previously shown in the analogous unsubstituted compound, (u,-H)Os3(CO)iQ(u, 
TJ2-CH=CH2) (1). In this process the a and jc-bonds binding the vinyl moiety to the bridging 
osmium atoms interchange with each other.2 
We have reproduced the reaction of (u,-H)20s3(CO)g(PPh3) with acetylene and here 
present X-ray diffraction studies of the two isomers of (u.-H)Os3(CO)g(PPh3)(n,T|2-
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CH=CH2). We also report the results of a variety of 13C NMR studies that reveal the solution 
dynamics of both isomers. 
2.2. Results 
The reaction of (u,-H)Os3(CO)g(PPh3) with acetylene at room temperature was 
reproduced and two isomers (2a : 2b) with a ratio of 2.2: 1 were obtained. This result differs 
somewhat from the 1: 1 ratio reported.1 Such characteristics as IR, lH NMR, and 13C NMR 
spectra as well as mass spectra are essentially the same as reported values.1 
Molecular Structure of 2a. The solid-state structure of 2a was determined by 
single-crystal X-ray crystallography in a study conducted by Dr. Scott R. Wilson of the School 
of Chemical Sciences X-ray Crystallography Laboratory. A diagram of the molecule is shown 
in Figure 2.1. The cluster contains a triangular array of osmium atoms and the vinyl ligand 
bridges the Os(2)-Os(3) edge and forms a a-bond to Os(3) and a n-bond to Os(2). The 
phosphine ligand coordinates in an equatorial position on Os(2). Os(2) and Os(3) are 
associated with two and three terminal carbonyls, respectively, whereas Os(l) is linked to four 
carbonyl ligands. The presence of a bridging hydride on the Os(2)-Os(3) edge was not 
observed crystallographically. The orientation of the hydrogen atom on the a-carbon of the 
s Q 
C3 
4) 
£ 
0 0 
c 
'% 
o J = 
C/J 
« 
vS 
CJ 
£ 
U II 
X 
u 
<N 
p-
ro j Z 
a, 
fe. 
"o\ 
O 
u 
m V) 
o 
X 
t _ 
o i _ 
<u E 
o 
.S2 
V-
O 
rt1 
E 
o 
g 
<— o 
> 
.s 
> 
u 
'§ 
8. 2 
u 
a, 
o 
•B 
1 o Ui 
% 
c 
^ 
S 
3 C 
§ 
00 
E 
42 
to to 
o 
(O 
(0 
w w 
(O 
M N 
m 
CM 
M 
Cr> 
43 
vinyl moiety is syn or toward to the Os(CO)4 unit. 
Molecular Structure of 2b. The solid-state structure of 2b was also 
determined by Dr. Scott R. Wilson with single-crystal X-ray analysis. A diagram of the 
resulting molecular configuration is shown in Figure 2.2. The cluster contains a triangular 
array of osmium atoms but its structure differs from either of the previously proposed 
structures.1 The phosphine ligand coordinates in an equatorial position on Os(l) which does 
not coordinate to the vinyl moiety. The vinyl ligand bridges the Os(2)-Os(3) edge and forming 
a a-bond to Os(2) and a Ji-bond to Os(3). Each of the three metal atoms is associated with 
three terminal carbonyls. The presence of a bridging hydride in the Os(l)-Os(3) edge was 
detected at an intermediate stage of refinement but it did not converge in the final analysis with 
the full diffraction set. The orientation of the hydrogen atom on the a-carbon of the vinyl 
moiety is anti or away from the Os(CO)3(PPh3) unit. 
The two carbon atoms in the vinyl moiety and the Os(2) atom show anomalous thermal 
motion, probably caused by local disorder. However, the structure of the species that may 
have caused the disorder could not be determined by the X-ray analysis. The disorder might 
arise from a small fraction of another isomer that possesses a structure in which the vinyl 
moiety forms a a-bond to Os(3) and a jc-bond to Os(2), or in which the vinyl moiety is syn to 
the Os(CO)3(PPh3) unit. In solution this species may contribute to the dynamic behavior of 
2b, which is discussed later. 
Solution Structure Elucidation and Assignment of the Carbonyl 
Resonances. The 13C NMR spectrum of 13CO enriched (ca. 40%) (u,-
H)Os3(*CO)g(PPh3)(n,r)2-CHCH2) at -70 °C in toluene-dg, recorded at 125.77 MHz, 
displays fifteen carbonyl resonances (Figure 2.3). The 13C NMR parameters are shown in 
Table 2.1. Consistent with the !H NMR spectra, a careful integration shows that two isomers 
are present in the ratio of 2.2 to 1.0 ; each of the isomers has nine carbonyl resonances with 
equal intensities but some of the resonances happen to be isochronous. From upfield to 
44 
Figure 2.2. Perspective view of the minor isomer of (u,-H)Os3(CO)g(PPh3)(u, r\z-
CH=CH2) (2b), showing the atom numbering scheme. 
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Table 2.1. 13C NMR Parameters for the two isomers of 
(u-H)Os3(*CO)g(PPh3)(u, i]2-CH=CH2) (2a, 2b)* 
reson 
I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
1 
2 
3 
4 
5 
6 
7 
8 
9 
chemshiftb 
173.21 
174.39 
175.37 
175.81 
176.36 
182.10 
184.60 
185.79 
188.27 
171.25 
174.39 
177.22 
178.35 
179.84 
186.19 
186.19 
multc 
s 
s 
s 
s 
s 
s 
s 
d 
s 
s 
s 
s 
s 
s 
s 
s 
d 
d 
assgnt 
2a 
C(31) 
C(32) 
C(21) 
C(13) 
C(14) 
C(33) 
C(l l ) 
C(23) 
C(12) 
2b 
C(33) 
C(31) 
can 
C(23) 
C(32) 
C(22) 
C(21) 
C(12) 
C(13) 
CH 
w 
12.8 
9.2 
w 
w 
8.6 
w 
7.0 
4.3 
w 
J(Hz)d 
CP CC 
w 
36 
5.4C 
36 
5.2e 35e 
5.2C 35 e 
^-70 °C unless noted otherwise; toluene-dg. bppm. ^Multiplicities based on 
^-decoupled spectra. dw indicates a small unresolved coupling. e-30 °C. 
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downfield the resonances are designated from I to IX in Roman numerals for 2a and from 1 to 
9 in Arabic numerals for 2b. Resonance III overlaps with resonance 2 at -70 °C, but the 
spectrum at -50 °C shows the tailing of broadened resonance 2 and spectra at higher 
temperatures make much clearer the distinction between the two peaks due to the further 
broadening and subsequent coalescence of resonance 2 (Figure 2.4). Though resonances 8 
and 9 have the same chemical shift at - 70 °C, separate signals appear as the temperature rises. 
Resonances VIII and 7 are isochronous at -70 °C. 
A combination of lH-decoupled and ^-coupled 13C NMR and 13C{1H}-COSY 
experiments allowed us to assign all the carbonyls and to elucidate the solution structures of 
both species. A starting point for the assignment of each isomer is the two coaxial carbonyls. 
For 2a, examination of resonances VII and IX shows that they are singlets overlapped with a 
doublet (2J(CC) = 36 Hz) caused by partial 13C incorporation (ca. 40 %) into the trans 
carbonyl ligands.3-6 For 2b the diaxial carbonyls correspond to resonances 8 and 9, which are 
not resolved at -70°C. The chemical shifts of the two resonances exhibit different temperature 
dependences, and the two signals resolve at higher temperatures; each resonance is a doublet 
with a phosphorus coupling of 5.2 Hz superimposed by the 13C satellite peaks that exhibit an 
AB pattern of doublets due to the phosphorus nucleus. This coupling constant is a typical 
value for a two-bond cis coupling between the carbonyl carbon nucleus and the phosphorus 
nucleus in a phosphine ligand in a triosmium cluster.7-13 Thus it clearly indicates the presence 
of a phosphine ligand associated with the same osmium atom as the coaxial carbonyls, 
consistent with the X-ray structure. 
The 13C{1H}-COSY spectrum of 13CO enriched (u-H)Os3(*CO)g(PPh3)(n,Ti2-
CHCH2) in toluene-dg at -70 °C is shown in Figure 2.5. The off-diagonal peaks of the COSY 
spectrum reveal the connectivities between coupled nuclei. In a 13C COSY spectrum of a 13CO 
enriched triosmiumcarbonyl cluster only two-bond couplings appear in the cross peaks but 
three-bond couplings normally do not show up; in other words two resonances that comprise 
Figure 2.4. Variable-temperature 13C NMR spectra of the two isomers of 
(u-H)Os3(*CO)g(PPh3)(u, r|2-CH=CH2) in toluene-dg from -70 °C to -30 °C. 
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Figure 2.4. Variable-temperature 13C NMR spectra of the two isomers of 
(u-H)Os3(*CO)g(PPh3)(u, if-CH=CH2) in toluene-dg from -10 °C to 10 °C. 
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Figure 2.4. Variable-temperature 13C NMR spectra of the two isomers of 
(u-H)Os3(*CO)g(PPh3)(u, T|2-CH=CH2) in toluene-dg from 30 °C to 65 °C. 
65 °C 
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Figure 2.5. Symmetrized 13C{ JH}COSY spectrum of the two isomers of 
(H-H)Os3(*CO)g(PPh3)(n, ,f-CH=CH2) in toluene-dg at -70 °C. 
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an off-diagonal peak correspond to two carbonyls coordinated to the same osmium atom.14-16 
In the spectrum resonances IV and V are each coupled to both resonances VII and IX. 
Therefore since resonances VII and IX are assigned to the coaxial carbonyls, resonances IV 
and V are assigned to the equatorial carbonyls on the Os(CO)4 unit. Moreover, in the spectrum 
at -30 °C the linewidth of IV is broader than that of V, due to unresolved coupling to the 
phosphorus nucleus, so resonances IV and V are assigned to the equatorial carbonyls 
respectively trans and cis to the phosphine ligand through the metal-metal bond.9-10-17 In 2b 
isochronous resonances 8 and 9, assigned to the coaxial carbonyls, show cross peaks to 
resonance 3. Thus resonance 3 is assigned to the equatorial carbonyl on the Os(CO)3(PPh3) 
unit. 
Further insight into the structure and assignment is gained by a comparison of the 13C 
NMR spectra with and without JH coupling (Figure 2.3). Broadening of a peak in the 1H-
coupled spectrum compared to the 1H-decoupled spectrum indicates a small coupling to a 
proton. None of the carbonyl resonances on the Os(CO)^ unit in 2a shows any coupling to the 
hydride ligand. On the other hand, the other five carbonyl resonances show some coupling to 
the hydride ligand; thus the hydride ligand is bridging the edge between the two remaining 
osmium units, namely Os(CO)3 and Os(CO)2(PPh3). Therefore, the solution structure of 2a 
deduced from 13C NMR data is consistent with the solid-state structure 
Resonances II and III are strongly coupled to the hydride ligand, hence they are 
assigned to the carbonyls trans to the hydride. Since resonance III is shifted to higher field 
than resonance II, the former and the latter are assigned to the carbonyls on the 
Os(CO)2(PPh3) and Os(CO)3 units, respectively, because phosphine substitution is known to 
cause downfield shifts in carbonyl resonances in triosmium clusters.7'8-18-22 Resonance VIII 
is coupled to a phosphorus nucleus by 5.4 Hz, which is a typical value for 2J(CPcis) in related 
clusters7-13; thus the resonance is assigned to the carbonyl in the remaining pseudo-axial 
position on the Os(CO)2(PPh3) unit. 
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Resonances I and VI correspond to the two remaining carbonyls on the Os(CO)3 unit. 
Since the chemical shift for the carbonyl in an axial position has been reported to be more 
downfield than that of the carbonyl in an equatorial position on the same unit, resonances VI 
and I are assigned to the carbonyls in the pseudo-axial position and the equatorial position on 
the Os(CO)3 unit, respectively.3-12-23-25 
The carbonyl resonances of 2b are assigned in a similar way. The comparison of ^H-
decoupled and 1H-coupled 13C NMR spectra show that resonances 2 and 5 are weakly coupled 
and 1 and 3 are strongly coupled to protons. Since resonance 3 was already assigned to the 
equatorial carbonyl on the Os(CO)3(PPh3) unit, the hydride ligand is positioned in the bridged 
position between the Os(CO)3(PPh3) and one Os(CO)3 unit and also trans to the equatorial 
carbonyl on the Os(CO)3(PPh3) unit. Resonance 1 is assigned to the carbonyl on the Os(CO)3 
unit trans to the bridging hydride due to its strong coupling, and resonances 2 and 5 are 
assigned to the carbonyls in the equatorial and the pseudo-axial positions, respectively, due to 
their relative chemical shifts.3-12-23-25 The remaining three resonances, 4,6, and 7 belong to 
the remaining Os(CO)3 unit. Resonance 7 is assigned to the carbonyl in the pseudo-axial 
position due to its downfield chemical shift.3-12-23-25 
Close inspection of ^-decoupled and ^-coupled 13C NMR spectra at -70 °C and -30 
°C reveals that resonance 4 shows some proton coupling. To clarify the nature of the coupling, 
selective ^-decoupled 13C NMR experiments were carried out (Figure 2.6). Figure 2.6.a 
shows an expanded region of a ^H-coupled spectrum at -70 °C in toluene-dg. Upon the 
irradiation of the proton on the a-carbon of the vinyl moiety (Ha) the doublet structure of 
resonance 4 collapses while the broad singlet shape of resonance 3 remains virtually unchanged 
(Figure 2.6.b). On the other hand, upon the irradiation of the hydride ligand the broad singlet 
shape of resonance 3 becomes sharper while resonance 4 keeps the same lineshape (Figure 
2.6.c). Therefore, the small coupling of resonance 4 is caused by H a on the vinyl moiety. 
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By observing that H a is coupled to resonance 4, which is associated with the Os(CO)3 
unit, we can reasonably claim that the vinyl moiety forms a a-bond to the osmium atom on the 
Os(CO)3 unit. From proximity considerations coupled resonance 4 is assigned to the 
equatorial carbonyl trans to the unsupported metal-metal bond. Hence, remaining resonance 6 
is assigned to the carbonyl trans to the vinyl-bridged metal-metal bond. 
After assigning the carbonyl resonances and deducing a reasonable partial solution 
structure of 2b, mere electron counting of the each osmium center strongly suggests that the 
vinyl moiety forms a n-bond to the other Os(CO)3 unit. The solution structures of both 
isomers as deduced from the 13C NMR spectra are consistent with that of the corresponding 
single crystal X-ray analysis. 
VII 
•V/„LxV 
8 
PPh, 
P W % x 3 
2a 2b 
Dynamic Behavior of 2a. Variable-temperature 13C NMR spectra of a 
solution of a 13CO enriched mixture of 2a and 2b in toluene-dg were recorded from - 70 to 
65 °C. The dynamic behavior of two carbonyls, CO(II) and CO(III), in 2a is conspicuously 
anomalous. From -70 to -10 °C the two carbonyl resonances gradually broaden at the same 
63 
rate and finally coalesce to one broad resonance at 0 °C. In contrast, in the same temperature 
range, resonances I, VI and VIII in 2a broaden but not as much as the previous two 
resonances. Then, upon raising the temperature the broad resonance due to CO(II) and CO(III) 
decoalesces and becomes two less broad resonances at 10 °C. As the temperature becomes 
higher, the two resonances become narrower at the same rate and move away from each other. 
In the same temperature range resonances I and VI also become narrower. All the resonances 
which change linewidth correspond to the carbonyls bonded to the two osmium atoms which 
are connected by the hydride and the vinyl ligands. 
The chemical shifts of selected resonances in 2a were plotted against temperature 
(Figure 2.7). As temperature increases, the chemical shifts of CO(II) and CO(III) move in 
opposite directions and cross each other at 0 °C. 
To clarify whether the two carbonyls are exchanging, 13C spin saturation transfer 
experiments were performed at -30 °C (Figure 2.8). In Figure 2.8.b and 2.8.c CO(II) and 
CO(IH) were irradiated, respectively. Spectrum 2.8.a is a reference spectrum, where a noise 
region far away from the carbonyls signals was irradiated. The irradiation of either carbonyl 
did not cause any significant decrease in intensity of the other. These results clearly show that 
the two carbonyls are not exchanging with each other, since if the two carbonyls actually 
exchange and cause the broad linewidth, upon the irradiation a dramatic decrease in intensity of 
the other would be observed.26-27 
This behavior of 2a can be explained by a, Jt interchange in the vinyl group. In the 
slow exchange limit of the 13C NMR spectra of 1, the chemical shifts of a pair of the two 
carbonyls trans to the hydride differ by 7.0 ppm, which is much more than chemical shift 
differences between the other two pairs of carbonyls in the Os(CO)3 units (3.1 and 1.7 
ppm).28 This result suggests that resonances II and III, assigned to the carbonyls trans to the 
bridging hydride, may change their chemical shifts up to 7.0 ppm by the vinyl flipping 
mechanism. 
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Figure 2.7. Temperature dependence of the chemical shifts of five resonances of the major 
isomer of (^i-H)Os3(CO)g(PPh3)(m T)2-CH=CH2) (2a) in toluene-dg. 
65 
I 
II 
III 
IV 
V 
Temperature (°C) 
Figure 2.8. 13C spin saturation transfer experiments of the major isomers of 
(H-H)Os3(*CO)g(PPh3)(fi, if-CH=CH2) (2a) in toluene-dg at -30 °C: (a) 
reference spectrum; (b) upon irradiation of CO(II); (c) upon irradiation of 
CO(III). 
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In 2a at low temperatures the two species convertible by the exchange of a and it-
bonds of the vinyl moiety are present in equilibrium. The species found in the solid state is 
favored. The other species having a a-bond to Os(CO)2(PPh3) unit and a Jt-bond to the 
Os(CO)3 unit, was not detected in the 13C NMR spectra and thus the amount of this form is 
negligible at low temperatures. As the temperature increases, the equilibrium constant between 
the two forms shifts and relatively more minor form is present than at lower temperatures, but 
still the major form is predominant as judged by the 13C NMR spectra. At the same time the 
carbonyl resonances of the major form in 2a become broader by the a and n- interchange in 
the vinyl moiety and also each of the observed chemical shifts of the carbonyl resonances 
become the weighted average of the two chemical shifts of the two forms. As the temperature 
increases, the contribution of the minor form to the observed chemical shifts of the carbonyl 
resonances increases. Since the difference in the chemical shifts of the interchanging carbonyl 
resonances between the two forms is largest by up to 7 ppm in carbonyls II and III by the 
above mentioned argument, the chemical shifts of the two carbonyl resonances are expected to 
show the most prominent temperature dependence, consistent with the data. The weighted 
average of resonances II and II' is coincidentally the same as that of III and IIP in the same 
temperature range and this is the reason for the the anomalous behavior of the two resonances 
in the variable temperature 13C NMR data. 
" . . . . * » 
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From 30 to 65 °C three resonances IV, V, and IX, the two equatorial and one of the 
axial carbonyl resonances on the Os(CO)^ unit, broaden at the same rate. This suggests 
localized carbonyl exchange of the two equatorial and one of the two axial carbonyls on the 
Os(CO)4 unit. Though it may seem strange that only one axial carbonyl ligand participates in 
this process, the same behavior has been reported on the Os(CO)4 units for 
Cn5-C5H5)WOs3(CO)n[^3, f(C,0)-C(0)CH2C6H4CH3] and Oi-H)Os3(CO)io(m if-
COEt).2930 
PPh3 
Dynamic Behavior of 2b. Isomer 2b also undergoes dynamic behavior 
visible in the variable temperature 13C NMR spectra. From -70 °C to -30 °C resonances 1,2, 
and 5 broaden at the same rate. Then around -30 or -20 °C coalescence is observed. At 10 °C a 
very broad resonance appears at 174.7 ppm that is the arithmetic average of the slow exchange 
chemical shifts of the three resonances. Since the three corresponding carbonyl ligands belong 
to the same Os(CO)3 unit Jt-bonded to the vinyl moiety, this process is clearly attributed to 
local carbonyl scrambling on this osmium atom. 
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From 10 to 50 °C resonances 4,6, and 7 broaden at the same rate. In the same 
temperature range resonances 8 and 9 broaden also but to a smaller extent, considering the 
contribution of the satellite peaks to line broadening. From 50 to 65 °C every resonance except 
resonance 3 but including the averaged signal of resonances 1, 2, and 5 increases its linewidth. 
Ph3B,.. 
Two dynamic processes can be occurring in the temperature range between 10 and 65 
°C. Since three resonances 4,6, and 7 correspond to the three carbonyl ligands on the same 
Os(CO)3 unit, localized carbonyl exchange can cause this behavior. Another possible dynamic 
process is the a and it- interchange in the vinyl moiety, in which resonance 3, assigned to the 
equatorial carbonyl on the Os(CO)3(PPh3) unit, is not expected to change its chemical shift. In 
1 the two equatorial carbonyls on the Os(CO)4 unit are isochronous in the slow exchange 
limit,2-25 indicating that the interchange of a and n bonds between the vinyl moiety and the two 
bridged metal atoms have negligible effects on the chemical shifts of the equatorial carbonyl 
carbon nuclei on the Os(CO)4 unit. The same principle may well apply to the equatorial 
carbonyl carbon nucleus on the Os(CO)3(PPh3) unit in 2b, leaving the resonance intact. 
Obviously all the other carbonyl ligands are involved in the process and thus the other carbonyl 
resonances should be broadened, consistent with the data. 
71 
PhfLW 
To clarify whether the localized carbonyl exchange is occurring, 13C spin saturation 
transfer experiments were performed at 40 °C (Figure 2.9). CO(4) and CO(6) were irradiated 
in spectra 2.9.b and 2.9.c, respectively. Spectrum 2.9.a is a reference spectrum, where a 
noise region far away from the carbonyl signals was irradiated. The irradiation of either 
carbonyl did not cause any significant decrease in intensity of the other. These results clearly 
show that the two carbonyls are not exchanging with each other, since if the two carbonyls 
actually exchange and cause the broad linewidth, upon the irradiation a dramatic decrease in 
intensity of the other would be observed.26 Thus, in the temperature range between 10 and 65 
°C local carbonyl scrambling among resonances 4,6, and 7 is not occurring. Therefore, the o 
and JC interchange in the vinyl moiety is responsible for the dynamic behavior in this 
temperature range. 
At higher temperatures hydride hopping between the two edges in 2b may occur 
simultaneously with the vinyl flipping process in a concerted or non-concerted fashion. 
Theoretically, monitoring the 2J(CH) coupling constant of resonance 3, which would be a 
weighted average of cis and trans coupling, should allow the hopping of the hydride ligand 
between the two edges to be detected. Experimentally, however, it is not practical since the 
resonance is intrinsically broad due to unresolved coupling to the phosphorus nucleus and any 
Figure 2.9. 13C spin saturation transfer experiments of the major isomers of 
(H-H)Os3(*CO)g(PPh3)(u, T|2-CH=CH2) in toluene-dgat -30 °C: (a) reference 
spectrum; (b) upon irradiation of CO(4); (c) upon irradiation of CO(6). 
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added *H coupling is obscured. 
2 . 3 . Discussion 
Molecular Structure of 2a. The presence of the bridging hydride on the 
Os(2)-Os(3) edge was not observed crystallographically, but a significant distortion of the 
carbonyl and the phosphine ligands in the equatorial plane of the cluster strongly suggests its 
location. The bond angles Os(2)-Os(3)-C(31) and Os(3)-Os(2)-P of 108.4 (4)° and 115.83 
(8)° are much larger than the analogous Os(3)-Os(l)-C(13) and Os(l)-Os(3)-C(32) angles of 
95.3 (4)° and 87.9 (4)°. Moreover the bond angles Os(2)-Os(3)-C(31) and Os(3)-Os(2)-P of 
108.4 (4)° and 115.83 (8)° found in 2a are similar to the corresponding angles of 111.2 (1)° 
and 120.5 (1)° in 1 in which the position of the hydride bridging the same edge as the vinyl 
moiety was determined by an integrated X-ray and neutron diffraction study.31-32 
In this comparison it is noted that the replacement of a carbonyl with a 
triphenylphosphine ligand has little steric influence on the other carbonyl ligands. This is not 
unusual: for example, in (u.-H)20s3(CO)io the corresponding Os-Os-C(eq) angles over the 
bridging hydride edge are 106.8 (5)° and 106.9 (5)033-34; upon the phosphine replacement 
these values change only slightly to Os-Os-P and Os-Os-C(eq) angles of 105.8 (1)° and 105.8 
(3)° in (n-H)20s3(CO)9(PPh3).35 
The bridged Os(2)-Os(3) vector of 2.8616 (7) A is the shortest among the three metal-
metal vectors, consistent with the tendency found in the other crystallographically analyzed 
hydride u,,r|2-alkenyl clusters, namely, (|.i-H)Os3(CO)io(u.,T|2-//w7.y-CH=CHR) (RsH31-32 
Et,36Bu37) and (u-H)Os3(CO)io(u,ii2-cw-CPh=CHPh)38-40 The Os(l)-Os(2) vector of 
2.9098 (7) A is longer than the Os(l)-Os(3) vector of 2.8650 (7) A. The similar situation that 
the metal-metal distance between the n-bonded osmium and the third osmium is longer than 
that of the a-bonded osmium and the third osmium has been previously encountered in the 
other structurally characterized u,r|2-alkenyl clusters31-32-36-40 including (u.-
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SPh)Os3(CO)io(fi,T|2-CH=CH2)41 and (n-Br)Os3(CO)io((x,T|2-cw-CPh=CHPh).42 The 
Os(l)-Os(2) distance of 2.9098 (7) A is slightly shorter than the corresponding distance of 
2.917 (2) A in l,31-32 contrary to frequent observation that phosphorus ligands cause slight 
lengthening of the trans metal-metal bond in osmium clusters.43-45 Usually the trans influence 
is predominantly caused by a-inductive effects. However, in 2a the additional electron density 
on the metal center by the phosphine ligand is mitigated by the back-bonding to the vinyl 
moiety. 
Consistent with this view, the carbon-carbon bond distance of 1.42 (2) A in the vinyl 
moiety is slightly longer than that of 1.396 (2) A in l31-32 and significantly longer than 
expected for a normal carbon-carbon double bond of 1.33 A.46 The Os(2)-C(41) %-bonded 
osmium-p-carbon distance and the Os(2)-C(42) Jt-bonded osmium-a-carbon distance of 2.32 
(1) and 2.25(1) A are shorter than those of 2.362 (3) and 2.273 (3) A in 1, respectively.31-32 
These findings show enhanced Jt interaction between the vinyl moiety and the it-bonded 
osmium atom that has additional electron density by the replacement of a ^-acceptor carbonyl 
ligand with a a-donor phosphine ligand. 
Molecular Structure of 2b. The presence of a bridging hydride in the Os(l)-
Os(3) edge was detected at an intermediate stage of refinement but it did not converge in the 
final analysis with the full diffraction set. However, its location was supported by analysis of 
the elongated metal-metal bond length and the carbonyl bond angles. The Os(l)-Os(3) distance 
of 3.137 (1) A is significantly longer than the average metal-metal distance of 2.877 A in 
Os3(CO)i2-47 This increase is explained by the observation in other clusters that the addition 
of a single bridging hydride ligand to an unsupported metal-metal bond increases the metal-
metal bond distance.48-49 Further support for the location of the hydride ligand was given by 
the widened angles of Os(l)-Os(3)-C(31) and Os(3)-Os(l)-Pof 108.9 (6)° and 107.7 (1)° 
which contrasts with the corresponding Os-Os-C(eq) angles of 90.2 (1)° and 100.8 (1)° found 
in l.31-32 
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The Os(2)-Os(3) vector over which the vinyl bridges is only 2.773 (1) A, which is 
substantially shorter than the corresponding Os-Os distances of 2.845 (2) and 2.8616 (7) A in 
1 and 2a, respectively.31-32 This shortened metal-metal distance in 2b is consistent with the 
absence of the hydride ligand in the edge supported by the vinyl moiety. The Os(l)-Os(2) 
bond that is trans to the phosphine ligand is of intermediate length at 2.857 (1) A, which is the 
same as the corresponding distance of 2.857 (2) A in l.31-32 The trans influence due to 
resplacement of a carbonyl ligand by the phosphine in 2b is negligible. 
The vinyl moiety in 2b has much stronger bonding interactions with the metal 
framework than occur in analogous compounds. The carbon-carbon bond distance in the vinyl 
moiety is 1.49 (3) A, which is significantly longer than the previously reported values of 1.36-
1.40 A in the other analogous u.,T|2-hydridoalkenyl clusters and of 1.42 (2) A in 2a.31-32-36-40 
The value is much closer to the normal bond length of a paraffinic carbon-carbon single bond 
of 1.54 A than that of a simple carbon-carbon double bond of 1.33 A.46-50 The Os(3)-C(41) 
jt-bonded osmium-picaroon distance is 2.28 (2) A, which is significantly shorter than the 
reported values of 2.36 - 2.46 A, in the other u.,T|2-hydridoalkenyl clusters.31-32-36-40 These 
bond distances indicate that there is a stronger JI interaction between the vinyl moiety and the 
cluster framework in 2b than any other analogous clusters. 
Orientation of Vinyl Moiety. The orientation of the hydrogen atom on the a-
carbon of the vinyl moiety in 2a is syn or toward to the Os(CO)4 unit. This orientation is the 
same as that in (u-H)Os3(CO)ioai,-n2-CH=CHR) (R=H,31^2 Et3 6 and lBu37) and (\.i-
SPh)Os3(CO)io(u.,r|2-CH=CH2).41 This compound represents another example that 
indicates the n,r|2-alkenyl moiety adopts the syn orientation unless significant steric hindrance 
would result. 
However, in 2b the orientation of the hydrogen atom on the cc-carbon of the vinyl 
moiety is anti or away from the Os(CO)3(PPh3) unit. This orientation is the same as that in (n-
X)Os3(CO)io(u,r|2-CPh=CHPh) (X=H,38-40 Br42) but differs from that in (|t-
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H)OS3(CO)IO(U.,TI2-CH=CHR) (R=H,31^2 Et3 6 and lBu37) and (u.-SPh)Os3(CO)io(|x,'n2-
CH=CH2).41 While the previously reported anti-oriented clusters adopt their orientation due to 
steric hindrance of the alkenyl moieties, this is not the case with 2b because it does not contain 
any group to prevent the vinyl moiety from adopting a syn orientation, as clearly demonstrated 
by the structure of 2a. One hypothesis to explain this unusual orientation involves the specific 
reaction pathways that lead to the two isomers, as discussed later. 
syn 
(R= H, Et, or *Bu) 
ant: 
(X= H or Br) 
Relative Position of the Hydride and the Phosphine Ligands in 2b. 
The hydride ligand in 2b does not bridge the same edge as the vinyl moiety but instead bridges 
an adjacent edge. This location of the hydride is highly unusual though not unprecedented; all 
other crystallographically analyzed hydridoalkenyl triosmium clusters contain the hydride 
ligand in the same edge as the alkenyl moiety,31,32,36-40,51-53 %ncl scores of compounds with 
the general formula (^-H)Os3(CO)iQ(u-X), where X is a three-electron bridging ligand, have 
a structure in which the hydride ligand bridges in the same edge as the other bridging ligand.54 
However, there are a small number of triosmium clusters in which a hydride ligand 
bridges an edge adjacent to that of another bridging ligand. One such rare compound is 
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(u.-H)Os3(CO)8(PMe2Ph)(fi, T ^ ^ C H ) . 5 5 - 5 6 The hydride ligand does not bridge the same 
edge as the dithioformato ligand, the phosphine ligand is bonded to the osmium atom that does 
not coordinate to the dithioformato ligand, and the phosphine is also located cis to the bridging 
hydride ligand.55-56 In 2b also the phosphine ligand is cis to the hydride ligand, and the 
phosphine ligand is bonded to the metal center that the other bridging ligand does not 
coordinate to. In contrast in the non-phosphine substituted analog, (n-H)Os3(CO)g(u, T|2-
S2CH), the hydride ligand bridges the same edge as the dithioformato ligand.55-56 
Another example of such an unusually bridging hydride ligand is found in a mixed 
metal cluster, (u-H)20s3(CO)g(PPh3){u.-Pt(PPh3)(CO)} in which a hydride ligand bridges 
an edge that is adjacent to that bridged by the platinum moiety; the phosphine ligand associates 
with the osmium atom that is not bonded with the bridging platinum moiety.57 In a closely 
related derivative, (u-H)20s3(CO) 1 rj{|.i-Pt(P(c-C6Hi l)3)(CO)}, a hydride ligand shares the 
same edge as the platinum moiety.58 These clusters illustrate the tendency that phosphine 
substitution in a triosmium carbonyl cluster can alter the position of a bridging hydride from the 
same edge to an edge adjacent to the other bridging moiety. 
However, this tendency cannot be generalized because in the cluster, 
(u.-H)(u(N,0)-p-CH3C6H4NCHO)Os3(CO)1o, or its phosphine-substituted analog, 
(H,-H)(u.(N,0)-p-CH3C6H4NCHO)Os3(CO)io, the bridging hydride shares the same edge as 
the bridging formamide ligand.59-60 Likewise, in (u-H)([i, ii2-(CF3)C=NH)Os3(CO)g(L) 
(L=CO, PMe2Ph) or (u-H)(u., if-N=C(H)CF30s3(CO)g(L) (L=CO, PMe2Ph), the hydride 
ligand shares the same edge as the other bridging ligands.61 
Vinyl Flipping Mechanism. This dynamic process turns out to be quite 
prevalent in |x,Ti2-alkenyl clusters such as 1,2a, 2b, and (u.-X)Os3(CO)io(u,il2-cw-
CPh=CHPh) (X=H, Br)2-38-42 This list shows that the vinyl flipping mechanism is not 
affected by the orientation of the alkenyl moiety, the position of the bridging hydride ligand, or 
the nature of the other bridging ligand, i.e. H or Br. Though the other ^,T|2-alkenyl clusters 
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have not been investigated by 13C NMR studies, it is highly likely that this dynamic process is 
present in other related compounds. 
Formation Mechanism of the Two Isomers. Since 2a and 2b do not 
interconvert with each other, they must form by distinct reaction pathways. One hypothesis 
that explains the origin of the two isomers is that there are two distinctive sites of nucleophilic 
attack, i.e. the metal centers on the Os(CO)3 and Os(CO)2(PPh3) unit in the starting complex 
H20s3(CO)g(PPh3) (Scheme 2.1). When an acetylene molecule attacks the osmium atom on 
the Os(CO)2(PPh3) unit, the resultant intermediate adduct may produce 2a by the insertion of 
the bridging hydride ligand into the acetylene moiety to give a vinyl moiety and simultaneous 
hydride transfer from a terminal position to the bridged position in the same edge as the vinyl 
moiety. The intermediate, however, cannot possibly give 2b in a reasonable mechanism 
because in 2b the vinyl moiety bridges the edge that is not associated with the phosphine 
ligand, while in the intermediate the acetylene moiety is associated with the same metal center 
as the phosphine ligand. On the other hand when the attack of an acetylene molecule at the 
other possible nucleophilic site, i.e. Os(CO)2(PPh3), gives a very unstable intermediate in 
which one osmium center is bonded to three a-donating ligands, a phosphine and two hydride 
ligands. This intermediate may produce either 2a or 2b but it must give 2b because the 
alternative pathway can not yield 2b. 
This model accounts for the isomer ratio. Changing a PPI13 ligand to less bulky 
PPh2Et enhanced relative formation of 2a over 2b.3 In the model the locally crowded 
intermediate in which a phosphine and an acetylene ligands are associated with the same unit is 
stabilized by a less bulky phosphine ligand; this intermediate leads to the formation of 2a, 
consistent with the data. Lower reaction temperatures favor the formation of 2b over 2a. In 
the model, with less activation energy available, the intermediate with steric hindrance that 
leads to 2a is harder to form than the other intermediate that gives 2b and perhaps 2a. Thus 
in lower reaction temperatures the isomer ratio favors 2b. 
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Scheme 2.1. Hypothesis of formation mechanism of the two isomers of 
(u-H)Os3(CO)9(PPh3)(n,il2-CH=CH2). 
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2 .4 . Experimental Section 
Materials and Methods. H2Qs3(CO)g(PPh3) was prepared by literature 
methods.62 n-Hexane was treated with H2SO4 and then distilled over sodium/potassium alloy 
prior to use. 13CO (99 %) was purchased from Isotec and used without further purification. 
13CO enrichment was performed with Os3(CO)i2 by stirring for three days at 120°C in decalin 
in the presence of twelve equivalents of 13CO. Solutions for the NMR experiments were 
prepared in perdeuterated solvents, degassed by freeze-pump-thaw sequences, and sealed 
under vacuum. 
Preparation of (n-H)Os3(CO)9(PPh3)(u, T J 2 - C H = C H 2 ) . To a magnetically 
stirring solution of (u,-H)20s3(CO)g(PPh3) (41.2 mg) in olefin-free n-hexane (70 ml) was 
treated overnight with acetylene that had been passed through a trap of H2SO4 and then 
through a column full of MgSO.^  or P4O10. After removing the solvent under reduced 
pressure, the residue was recrystallized from methanol. IR(v(CO); cyclohexane): 2091 (m), 
2060 (w), 2046 (s), 2011 (vs), 2005 (vs, sh), 1986 (w), 1970 (w), 1958 (w). ^H NMR 
(toluene-dg, 500 MHz) 6 8.9 (t, 1H, Ha in 2a), 8.1 (t, 1H, H« in 2b), 7.0-7.5 (m, PP/13 in 
2a and 2b), 5.2 (d, 1H, Hcjs in 2b), 4.3 (m, 1H, Hcis in 2a), 2.6 (m, 1H, H,rans in 2b), 2.4 
(t, 1H, Htrans in 2a), -19.0 (d, 1H, Os-H-Os in 2a), -19.2 (d, 1H, Os-H-Os in 2b). FD-MS 
(Os= 192): M+ = 1118. 
Crystallographic Analysis. Crystals of 2a suitable for diffraction analysis 
were obtained by slow crystallization from methanol solutions at -20 °C in an NMR tube. 
Crystals of 2b were obtained from pentane solutions cooled to -20 °C in an NMR tube. The 
crystallographic analyses were carried out by Dr. Scott R. Wilson and coworkers in the X-ray 
Crystallography Laboratory of the School of Chemical Sciences. 
NMR Spectroscopy. 13C NMR spectra using 13CO enriched samples were 
recorded on a General Electric GN-500 spectrometer equipped with an NIC 1280 computer. 
Chemical shifts of carbonyl resonances are referenced to the para carbon resonance of toluene-
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dgat 6 137.5. Selective ^-decoupled 13C NMR experiments were carried out at -70 °C by the 
gated-decoupled pulse sequence to circumvent potential saturation transfer due to dynamic 
processes. 
For a COSY spectrum a COSY pulse sequence with additional delays of 50 msec was 
used. The data matrix was acquired with 512 data points in t\ and 1024 data points in 12- A 
total of 64 ID spectra along the ti dimension were collected. Appodization was applied to all 
data sets with 0.5-Hz exponential line-broadening followed by 10° shifted sine bell. The 
frequency domain matrices were symmetrized along the Fi=F2 diagonal. 
For 13C spin saturation transfer experiments, a directional coupler was inserted 
between the output of the transmitter and the probe and the power reflected back from the probe 
due to 13C decoupling was monitored during the course of the experiments as a precaution. 
The 13C decoupling power was adjusted by running selectively 13C and broad-band lH 
decoupled 13C NMR spectra so that resonances close to the selective irradiation remain 
unaffected; selectivity of less than 100 Hz was achieved. 
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Chapter 3: 
Reaction of (n-H)20s3(CO)9(PR3) with Ethylene. 
Characterization of (n-H)2Os3(CO)9(PPh3)(fi-CHCH3) 
3 . 1 . Introduction 
In the reaction of (u,-H)20s3(CO)io with ethylene to form the vinyl complex, (u.-
H)Os3(CO)io(u-CHCH2),1-3 significant intermediates were observed; these are an ethylene 
insertion product, (n-H)Os3(CO)io(|.i-CH2CH3), and its tautomer, (u.-H)20s3(CO) \o(\i-
CHCH3)4 However, the reaction of the phosphine substituted analogue, (u,-
H)20s3(CO)g(PPI13) with ethylene was claimed to form an ethylene adduct, (u.-
H)(H)Os3(CO)g(PPh3)(C2H4) without single-crystal diffraction analysis.5 This claim 
prompted us to reproduce the experiment because such an ethylene complex was not found as 
an intermediate in the analogous reaction of (p,-H)20s3(CO)iQ. Moreover, *H-NMR data of 
the claimed ethylene complex was similar to that of (u,-H)20s3(CO) iQ(p-CHCH3)4 The 
results described in this chapter show that the ethylene species originally claimed turns out to 
be an ethylidene species, namely (u.-H)20s3(CO)g(PPh3)(u.-CHCH3). 
3 .2 . Results 
Under condition similar to those previously reported, the reaction of (u,-
H)20s3(CO)g(PPh3) with ethylene (60 psig) at room temperature overnight gave the same 
complex as previously reported; such characteristics as carbonyl stretching frequencies, the M+ 
ion peak, and ^H and 13C NMR data are the same as those reported for the claimed ethylene 
complex except for one previously unobserved resonance in the %H-NMR spectrum.5 This 
compound slowly decomposes in solution due to its thermal instability and repeated attempts to 
obtain a single crystal were unsuccessful. 
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1 H NMR Studies. JH NMR spectra of 1 in acetone-d^ at -30 °C displays a 
multiple! at 6 7.0-7.5, assigned to the phenyl protons of the PPI13 ligand, a doublet at o 2.49, 
and two resonances in the high field region, all of which have been previously reported. 
However, we observed another resonance, a quartet of quartets at 6 6.74 (Figure 3.1). The 
coupling constants along with other lH NMR parameters are summarized in Table 3.1. 
To confirm that this unreported resonance is a part of the spin system of 1, !H 
homonuclear decoupling experiments were performed in which each of the four observed 
resonances except the phenyl resonances was continuously irradiated (Figure 3.1). Upon the 
irradiation of the doublet at 6 2.49 the unreported quartet of quartets at 6 6.74 becomes a 
simple quartet with the smaller coupling; upon the irradiation of the previously unreported 
multiple! the doublet collapses into a singlet. This result clearly shows that a coupling of 7.4 
Hz observed in the resonance at 6 2.49 was caused by the methine proton at o 6.74 rather than 
by coupling to the phosphorus nucleus in the phosphine ligand. Therefore, this complex does 
not contain an ethylene but an ethylidene CH3CH moiety. 
1 3C NMR Studies. The *H broad-band decoupled 13C-NMR spectrum of 
1* (* shows 13CO enrichment) at -40 °C in acetone-dg, recorded at 75.48 MHz, displayed nine 
carbonyl resonances, each of which has the same signal intensity (Figure 3.2). From upfield 
to downfield they are designated from 1 to 9. Some resonances exhibit intricate multiplicities 
(Figure 3.3). These 13C NMR parameters are summarized in Table 3.2. For example, both 
resonances 8 and 9 appear to be triplets of doublets of triplets; resonances 1 and 4 are quintets. 
Actually the virtual triplet with the larger coupling constant in either resonance 8 or 9 is a 
singlet overlapped with a pair of satellite peaks caused by partial 13C incorporation (ca. 50%) 
in the trans carbonyl ligand and a large two-bond trans coupling of 33 Hz. Such examples 
have been well documented.4-6-9 The further doublet is explained by a phosphorus coupling of 
4.7 Hz, a typical value for 2J(PC)cis coupling10-16 suggesting, and later discussion will 
confirm, that the phosphine ligand in an equatorial 
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Figure 3.1. Selected regions of !H NMR spectra of (u-H)2Os3(CO)9(PPh3)(n-CHCH3) in 
acetone-d6 at -30 °C: a) resonance at 6 6.74 irradiated; b) resonance at 6 2.49 
irradiated; c) resonance at 6 -14.43 irradiated; d) resonance at 8 -19.94 
irradiated. 
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Table 3.1. Comparison of 1H-NMR parameters for (u.-H)20s3(CO)g(PPh3)(n-CHCH3) 
(1) and (^-H)20s3(CO)io(u.-CHCH3) (2) 
D 
C 
A 
B 
chem 
shift 
7.0-7.5 
6.74 
2.49 
-14.43 
-19.94 
l a 
multd int 
m 15H 
qq IH 
d 3H 
d IH 
dt IH 
assgnmt 
Ph 
CH 
CH3 
Os-H-Os 
Os-H-Os 
chem 
shift 
7.46 
2.56 
-14.20 
-19.89 
1 reported^ 
mult 
J (Hz) int 
m 15H 
d, 7.0 4H 
s IH 
d, 12.5 IH 
chem 
shift 
6.76 
2.49 
-14.26 
-20.43 
2C 
mult 
J (Hz) int 
q, 7.0 IH 
d, 7.0 3H 
s IH 
s IH 
»-30 °C; acetone-d6. *>31 °C; CDC13; ref. 5. c-10 °C; CD2C12; ref. 4. d7AB = 1 Hz, 7AD = 
2.0 Hz, JBD = 2-0 Hz, 7CD = 7.4 Hz, 7 P H B = 11.0 Hz, 7 P H D = 2.0 Hz. 
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Figure 3.3. Expansion of four carbonyl carbon resonances of (^-H)20s3(CO)9(PPli3)(u,-
CHCH3) in CD2CI2 at -40 °C: a) resonance 1 at 6 167.7; b) resonance 2 at 
6 172.5; c) resonance 5 at 5 177.3; d) resonance 9 at 5 187.0. 
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Table 3.2. 13C-NMR parameters for (u-H)20s3(CO)g(PPH3)(u.-CHCH3) (1) 
reson 
1 
2 
3 
4 
5 
6 
7 
8 
9 
chem shift*) 
167.7 
172.5 
172.7 
174.3 
177.3 
178.6 
180.8 
182.0 
187.0 
multc 
quin 
quin of d 
s 
quin 
m 
s 
s 
tdt 
dt 
C-Pc 
1.1 
w 
ca.4-5 
5.1 
5.3 
J(Hz)d 
C-Cc 
trans 
32.9 
33.1 
cis 
3.4 
3.3 
w 
3.5 
w 
w 
w 
ca.4-5 
4.7 
C-HA 
w 
w 
2.9 
10.8 
-
2.2 
7.9 
-
-
C-HB 
9.2 
-
w 
2.4 
w 
-
-
ca. 2-3 
ca. 2-3 
aThe spectra were recorded at 125.76 MHz in CD2CI2 at 233 K unless noted 
otherwise. ^Chemical shifts (ppm) were referenced to the methylene carbon in 
CD2CI2 at 6 53.8. cBased on ^H-decoupled spectra recorded at 75.48 MHz in 
acetone-dg at 243 K. dw indicates a small unresolved coupling. 
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position on the osmium atom with the diaxial carbonyls. The smaller apparent triplets in 
resonances 8 and 9 as well as the apparent quintets in resonances 1 and 4 will be discussed 
later. 
The unsymmetrized 13C{1H} COSY spectrum of 1* in CD2CI2 at -40 °C is shown in 
Figure 3.4. The off-diagonal peaks of the COSY spectrum reveal connectivities between two 
coupled nuclei. In the 13C COSY spectrum of a 13CO enriched triosmium carbonyl cluster 
only two-bond couplings appear in the cross peaks and three-bond couplings normally do not 
show up; in other words two resonances that compose an off-diagonal peak corresponds to 
two carbonyls coordinated to the same osmium atom.17-19 
In the 13C{1H} COSY spectrum both resonances 8 and 9 show cross peaks with 
resonance 5. Therefore, since resonances 8 and 9 are assigned to the coaxial carbonyls, 
resonance 5 is assigned to an equatorial carbonyl attached to the same metal center as the 
coaxial carbonyls. Considering the presence of the phosphine ligand in the same unit as the 
coaxial carbonyls, combining all the ligands detected in this metal center makes one 
Os(CO)3(PPh3) unit. 
The 13C{1H} COSY spectrum reveals that resonance 1 is coupled to both resonances 3 
and 4; thus one osmium center contains at least the three corresponding carbonyl ligands. 
Resonance 2 shows off-diagonal peaks with resonance 7; thus another osmium segment is 
composed of at least the two corresponding carbonyl ligands. It should be noted that eight out 
of the nine carbonyls are detected by cross peaks. 
!H selective decoupled 13C-NMR experiments on 1* in CD2Cl2at -40 °C performed at 
125.76 MHz are a powerful method for the assignment of the carbonyl resonances and the 
elucidation of the solution structure (Figure 3.2). Four spectra were recorded under the 
identical conditions except for the decoupling status; one *H broad-band decoupled spectrum, 
one lH coupled spectrum, and two selectively lH decoupled spectra irradiating either HA or 
HB. One of the best ways to confirm that one hydride is coupled to one carbonyl resonance is, 
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Figure 3.4. Unsymmetrized 13C{ lH} COSY spectrum of (u-H)2Os3(CO)9(PPli3) 
(H-CHCH3) in CD2C12 at -40 °C. 
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upon the selective irradiation of the hydride, to see whether the coupling collapses or whether 
the resonance sharpens compared to that in the *H coupled spectrum. Coupling constants 
between carbonyl carbons and hydrides are summarized in Table 3.2. 
3.3 Discussion 
lH NMR Data and Solution Structure of 1. The *H chemical shifts of the 
methyl, the methine, and the two hydride resonances in 1 are very similar to those of the 
closely related ethylidene complex, (u,-H)20s3(CO)io(u,-CHCH3).4 Moreover, the two 
hydride chemical shifts in 1 are similar to those found in another alkylidene cluster (u,-
H)20s3(CO)io(|i-CH2) whose structure has been determined by both single-crystal X-ray and 
neutron diffraction studies.20-23 In this methylidene complex the two hydride ligands bridge 
two adjacent edges. The hydride chemical shifts, the isoelectronic analogy, and most of all the 
similarities of the two complexes make it reasonable to deduce that in 1 the two hydride ligands 
bridge two metal-metal bonds also. Considering that in the most of the hundreds of complexes 
with a general formula (u,-H)Os3(CO)io(M--X) where X is a three-electron bridging donor, the 
X ligand bridges the same edge as the hydride rather than the other non-hydride supported 
edge,24 it is also reasonable to deduce the ethylidene moiety in 1 shares one edge with one of 
the two bridging hydrides, similar to the methylene analog. 
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Then just mere electron counting on each metal center shows that the other terminal 
auxiliary ligands, i.e. nine carbonyls and one phosphine, must be distributed among the three 
osmium centers in the same manner as the methylidene derivative. 
2J(CH) Couplings between Carbonyls and Hydrides. The detailed 
analysis of }H selective decoupled 13C NMR experiments show that a three-bond coupling 
constant between a carbonyl carbon and a bridging hydride, which inevitably goes across a 
metal-metal bond, is undetectable while every two-bond coupling shows up by the comparison 
of *H selective decoupled and !H coupled spectra.25-28 Therefore, whether one carbonyl 
resonance shows a coupling to one hydride or not is equivalent to whether the carbonyl and the 
hydride ligands are bonded to the same osmium atom or not. Based on the presence or the 
absence of the coupling to either hydride, every carbonyl resonance can be classified into three 
sets of resonances; coupled only to HA, only to HB, or coupled to both HA and HB- Since the 
two hydrides bridge two adjacent edges, each set of resonances corresponds to the carbonyls 
coordinated to the same osmium atom. 
H CH3 
,j A / 
^Osfe) / - O s W ^ 
Since resonances 2, 6, and 7 are coupled only to HA, the Os( 1) center is composed of 
the three corresponding carbonyl ligands. This result agrees with and complements the 13C 
COSY data that resonances 2 and 7 belong to the same center but that resonance 6 was not 
correlated. Due to a rather large 2J(CH) coupling of 7.9 Hz, resonance 7 is assigned to the 
carbonyl trans to HA- 6 , 2 5 - 3 2 Since the chemical shift of a carbonyl in an axial position has 
been reported to be more downfield than that of a carbonyl in an equatorial position on the 
same unit,4-33-35 resonances 6 and 2 are assigned to the carbonyls in the pseudo-axial position 
and the equatorial position trans to the unbridged metal-metal bond on the Os(CO)3 unit, 
respectively. 
Likewise, since resonances 5,8, and 9 are coupled only to HB, the three corresponding 
carbonyls are associated with Os(2), consistent with the 13C COSY data. It should be noted 
that resonances 8 and 9 were already assigned to the coaxial carbonyls. Due to a small 
2J(C5HB) coupling, resonance 5 is assigned to the equatorial carbonyl in a cis position to 
HB-6-2 9 - 3 2 This leaves the position trans to HB occupied by the phosphine ligand. From the 
structural analogy of 1 with the methylidene complex as well as electron counting, this metal 
center requires four two-electron donors, i.e. three carbonyls and one phosphine. 
Resonances 1,3, and 4 are coupled to both HA and HB, thus the corresponding 
carbonyls are bonded to Os(3), agreeing with the data of 13C COSY experiments. Since 
resonances 1 and 4 show strong couplings to HB and HA, respectively, they are assigned to the 
carbonyls trans to HB and HA, respectively.6-29-32 This leaves resonance 3 assigned to the 
pseudo-axial position on the same metal center. 
The distinction of the two coaxial carbonyls are made by analogy to the (u-
H)Os3(CO)io(ii-CH) complex, in which the axial carbonyl placed in the position of steric 
crowding with respect to the methylidyne ligand was observed to be shifted relative to the 
remaining carbonyl resonances.35 Therefore, upfield resonance 8 is assigned to the axial 
carbonyl in the Os(CO)3(PPh]) unit located on the same side of the triosmium plane as the 
ethylidene ligand, while downfield resonance 9 is associated to the other axial carbonyl in the 
Os(CO)3(PPh3) unit. 
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High Resolution Multiplicity Analysis of ID 13C NMR Data. The small 
2J(CC)cis couplings observed between the carbonyls confirm the carbonyl assignments. For 
example, either resonance 8 or 9 appears to be a triplet of doublets of triplets (Figure 3.2). As 
explained before, the larger triplet is caused by partial 13C incorporation and a large 2J(CC),rans 
coupling, and the doublets are due to a 2J(PC)cjs coupling. The smaller apparent triplet in 
resonances 8 and 9 is actually a singlet overlapped by a doublet due to a 2J(CC)cis coupling of 
4.7 Hz from the equatorial carbonyl on the Os(CO)3(PPh3) unit. This detailed analysis of 
resonances 8 and 9, assigned to the mutually coaxial carbonyls, reveals the presence of the 
other axial carbonyl, a phosphine ligand in a cis position, and another carbonyl in the other cis 
position; in overall it shows the presence of one Os(CO)3(PPh3) unit. 
Likewise, an apparent quintet, i.e. either resonance 1 or 4, is actually a singlet 
superimposed by a doublet and a triplet caused by statistical 13C incorporation into the other 
two sites for carbonyls in the Os(CO)3 unit; two 12CO ligands in the two sites make a singlet; 
one 13CO and one 12CO make a doublet; two 13CO ligands make a triplet; the overlap of the 
singlet, the doublet, and the triplet gives a quintet.18 The 2J(CC)cis coupling of 3.4 or 3.5 Hz 
is consistent with the coupling found in ((.i-H)20s3(CO)io-18 Thus, both resonances 1 and 4 
correspond to carbonyl ligands on a Os(CO)3 unit; from this data only we can cannot conclude 
that the two ligands belong to the same Os(CO)3 unit, though they actually do. 
The relative intensities of a multiple! and the multiplicity of a carbonyl resonance due to 
the statistical distribution of 13CO contain information on the number of carbonyl ligands on 
the same osmium center. For two coupled carbonyls with 50 % 13CO enrichment, simple 
calculations show that the resultant relative intensities of the apparent triplet are 1:2:1, the same 
as a binomial distribution. Similarly for three 50 % 13CO enriched carbonyls, the relative 
intensities of the apparent quintet become 1:4:6:4:1, again the same as a binomial distribution. 
When one osmium atom is associated with four carbonyl ligands with similar 2J(CC)cis 
couplings, the apparent binomial septet results by the one-step extension of the same 
argument. A binomial quintet has different relative intensities, and is distinguishable from a 
binomial septet with the two outermost peaks missing due to their weak intensities. In a similar 
manner relative intensities of a multiple! due to any degree of partial incorporation of 13CO can 
be calculated; in other words, the detailed analysis of the multiplicity would tell the number of 
carbonyls on the metal center. 
The 13CO enrichment of ca. 50 % in the sample of 1* was found from the height of a 
pair of satellite peaks of resonances 8 and 9. Then virtual binomial quintets observed in 
resonance 1,2, and 4 indicate that each resonance belong to an osmium unit containing exactly 
three carbonyl ligands. This result agrees with that of 13C COSY and of lH selective 
decoupling experiments. 
Resonance 2 appears to be a sextet which is caused by an additional three-bond 
phosphorus coupling of 1.1 Hz to a virtual quintet (Figure 3.3). Among the three carbonyl 
carbons on the Os(l) unit the best candidate for the phosphorus coupling is the carbonyl trans 
to the unbridged metal-metal bond.25-28-36 This agrees with and confirms the previous 
assignment. 
Missing Cross Peaks in the 13C COSY Spectrum. Resonances 8 and 9 did 
not show any couplings in the 13C COSY spectra. Since the peak heights of the two 
resonances are considerably smaller than the other carbonyl resonances due to the extended 
spin system, the height of the resulting on-diagonal as well as off-diagonal peaks in the 13C 
COSY spectra are much smaller. Thus the cross peaks should have become as weak as the 
noise level. 
Unlike the other carbonyl resonances, couplings of resonance 6 to the other two 
carbonyls in the same Os(CO)3 unit were not detected in the 13C COSY experiments either. 
This is, we believe, caused by smaller couplings rather than by the extended spin system; in 
COSY experiments it has been known that a small coupling is much harder to detect than a 
large one.19 
Moreover, small couplings of resonance 6 with the other carbonyl resonances are 
suggested by ID 13C NMR data also. Since the repetition time of the 13C{JH} NMR 
experiment between pulses is larger than 3Ti ,37 the difference in the peak height between 
resonances can not be caused by the uneven Ti relaxation times; this suggests that the differing 
signal heights are due to couplings whether resolved or unresolved. Resonance 6 is taller than 
the other carbonyl resonances, indicating that resonance 6 is involved in smaller couplings than 
the other resonances. 
Comparison of 13C COSY and High Resolution Multiplicity Analysis. 
The physical origin of a pair of cross peaks in a COSY spectrum is the homonuclear 
coupling between the two resonances. In a COSY experiment the detection of couplings is 
facilitated, in other words signal to noise ratio improves, by spreading information on 
magnetization to two dimensions with a considerable loss of resolution. In contrast, the 
detailed multiplicity analysis is the result of high-resolution one-dimensional spectra that 
necessarily sacrifice signal to noise ratio to some extent. 
In this study of 1*, the 13C COSY spectrum is more useful than the analysis of 
multiplets because the information in 13C COSY experiments gives direct correlations between 
two coupled signals while the multiplicity analysis does not. Moreover, sometimes the line 
shape of a resonance is obscured by overlaps of so many couplings and no meaningful 
information is obtained. However, the two experiments are complementary. 13C COSY data 
gives only the minimum number of carbonyls that belong to the same osmium center because 
one or more carbonyl ligands on the same metal center may remain undetected due to smaller 
couplings. On the other hand the detailed analysis of the multiplicity of one carbonyl resonance 
reveals exactly how many carbonyl ligands are attached to the osmium unit the carbonyl 
belongs to if satisfactory resolution is achieved. 
Finally, selective !H decoupling 13C NMR experiments using a 13CO enriched 
carbonyl cluster containing hydride ligands. are compared to 13C COSY studies. In general a 
13C COSY experiment is quite powerful to reveal which resonances are associated with the 
same metal center through 2J(CC) couplings; in contrast selective lH decoupling experiments 
shows whether one carbonyl is in a cis, trans, or totally different position relative to one 
hydride ligand. However, for triangular carbonyl clusters that contain two unequivalent 
hydride ligands bridging two edges, such as 1 and clusters of the formula, (u,-
H)2M3(CO)9(u3-T|2-L),38-49 lH selective decoupling experiments reveal all the carbonyls 
coordinated to the each of the metal centers via 2J(CH) couplings; along with the information 
on cis and trans couplings of 2J(CH) assignment of all the carbonyls can be accomplished. In 
such complexes, lH selective decoupling experiments become more powerful than 13C COSY 
experiments. Anyway, since both experiments gain information through different couplings, it 
is worthwhile to compare both sets of data for the assignment and solution structure 
elucidation. 
Hypothesis Regarding the Reaction Pathway. The starting complex, (u,-
H)20s3(CO)9(PPh3) has two distinctive sites susceptible to nucleophilic attack, i.e., the metal 
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centers on the Os(CO)3 and Os(CO)2(PPh3) units (Scheme 3.1). When an ethylene molecule 
attacks the osmium atom on the Os(CO)2(PPh3) unit, the resultant intermediate adduct cannot 
give 1 in a reasonable mechanism because in 1 the ethyl moiety bridges the edge that is not 
associated with the phosphine ligand, while in the intermediate the ethylene moiety is 
associated with the same metal center as the phosphine ligand. On the other hand, the attack of 
an ethylene molecule to the other nucleophilic site, i.e. Os(CO)3, gives an intermediate that may 
produce 1 after undergoing the migration of one carbonyl ligand in the Os(CO)4 unit to the 
Os(CO)2(PPh3) unit. In these arguments we assumed that the phosphine ligand does not 
migrate in the course of the reaction. 
Recently, the cluster rearrangement suggested above was observed when an isonitrile 
ligand attacks the Os(CO)3 unit in (n-H)20s3(CO)9(PMe2Ph).50 Assuming that a similar 
rearrangement takes place in the reaction path of (u,-H)20s3(CO)9(PMe2Ph) with ethylene also, 
then the formation of the ethylene species can be explained via the ethyl species (Scheme 3.2). 
It is noted that the analogous ethyl species was found in the reaction of (u,-H)20s3(CO)io with 
ethylene.4 However, in the reaction of (u-H)20s3(CO)9(PPh3) with ethylene no signals for 
the ethyl complex were observed in lH NMR spectra, including the characteristic upfield 
methylene. 
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Scheme 3.1. Hypothetical formation mechanism of (u.-H)2Os3(CO)9(PPh3)(n-CHCH3) 
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3 .4 . Experimental Section 
General. All manipulations were performed under a N2 atmosphere using 
standard Schlenk techniques. n-Hexane of non-spectro grade (American Burdick & Jackson) 
was treated with sulfuric acid and then distilled from sodium-potassium alloy prior to use. (u,-
H)2°S3(CO)g(PPh3) was prepared by a literature method.52 13CO (99 %) was purchased 
from Isotec and used without further purification. *3CO enrichment (ca. 50%) was performed 
with Os3(CO)i2 by stirring for three days at 120°C in decalin in the presence of twelve 
equivalents of 13CO. 
Infrared spectra were recorded on a Perkin-Elmer 1750 FT-IR spectrometer. Elemental 
analyses were performed by the Microanalytical Laboratory of the School of Chemical Sciences 
at the University of Illinois. Field desorption mass spectra were obtained on a Varian-MAT 
731 mass spectrometer by the Mass Spectrometry Laboratory of the School of Chemical 
Sciences. 
Preparation of (|i-H)20s3(CO)io(n-CHCH3). A solution of 
(H-H)20s3(CO)g(PPh3) (41.2 mg) in n-hexane (60 ml) was stirred in a pressure bottle (250 
ml) under C2H4 (60 psig) for 15 hours. After venting the pressure, the solvent was reduced to 
a small amount under vacuum at 0 °C. The solution was cooled to -78 °C to precipitate a yellow 
solid. (39.4 mg, 93 %) Anal. Calcd for C2gH2iOgOs3P: C, 31.24; H, 1.90 ; P, 2.78. 
Found; C, 31.59 ; H, 2.48 ; P, 2.78. ^H NMR (360 MHz, -30°C, acetone-d6): 7.0-7.5 (m, 
15H, Ph), 6.84 (qddd, JHC-HD =1AHz,^Hr>HA= 2 0 Hz,- /HD-H B = 2 0 Hz,7PH=2.0 Hz, 
IH, CHC), 2.53 (d, JHr>Hc = 7.4 Hz, 3H, CH3), -14.27 (d, JHA-HB = 2 0 Hz, Os-HA-Os), 
-19.82 (ddd, JpH =11.0 Hz, JHA-HB = 2-0 Hz,7HB-HC = 2 0 Hz, Os-HB-Os). MS (field 
desorption; 192Os) m/z= 1120 (M+), 1092 [M-C2H4].+ IR (cyclohexane): v (CO), 2090 (w), 
2069 (m), 2042 (m), 2006 (vs), 2000 (m), 1988 (sh, w), 1971 (w), 1965 (w) cm-1. 
NMR Spectroscopy. *H NMR spectra of 1 in acetone-d^at -30 °C were recorded at 
360.057 MHz on a Nicolet NT-360 spectrometer with a 1180 computer and a 293B pulse 
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programmer. *H chemical shifts were referenced to the residual CHD2 resonance of acetone-
d6 at 6 2.04. 
High-resolution lH broad-band decoupled 13C-NMR spectra of 1* (the asterisk designates 
13CO enrichment) in acetone-d^at -30 °C were recorded at 75.48 MHz with 32 K data points 
on a General Electric QE-300 spectrometer. The FID thus obtained underwent zero-filling 
twice into a 128 K data set; digital resolution of 0.26 Hz was achieved. No apodization was 
applied. The decoupling frequency for lH broad-band decoupling was always adjusted so that 
it corresponded to -15 ppm in JH NMR spectra to ensure the decoupling of the high-field 
hydride region. 
lH selective decoupled 13C NMR experiments on 1* in CD2CI2 were recorded at 125.76 
MHz at -40 °C on a General Electric GN-500 spectrometer equipped with an NIC 1280 
computer. All Ti experiments were performed with the fast inversion-recovery sequence, a 
symmetric five-element composite 180° pulse, alternating phase of the 90° pulse, and a 
nonlinear three-parameter least squares fit. Reported 13C chemical shifts were referenced to the 
methylene carbon resonance of CD2CI2 at 6 53.8. 
The 13C{1H} COSY spectrum of 1* in CD2Cl2was recorded on a General Electric 
GN-500 spectrometer at - 40 °C using a COSY pulse sequence with additional delays of 50 
msec. The data matrix was acquired with 512 data points in t\ and 1024 data points in t%. A 
total of 64 ID spectra along the 1\ dimension were collected. Apodization was applied to all 
data sets with 10° shifted sine bell. In the final spectrum the frequency domain matrices were 
not symmetrized along the Fi=F2 diagonal since it turned out the symmetrization caused the 
disappearance of few genuine cross peaks. 
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Chapter 4: 
Reactions of (fi-H)20s3(CO)9(PR3) with CO and Bu*NC. 
Characterization of ((i-H)(H)Os3(CO)9(PMe2Ph)(ButNC) 
4 . 1 . Introduction 
The reaction of (u,-H)20s3(CO)g(PPh3) with acetylene gives two hydridovinyl isomers 
that do not interconvert with each other.1 The origin of the two isomers may be traced back to 
the presence of two possible sites of attack, namely the Os(CO)3 and Os(CO)2(PPh3) centers, 
in the starting complex. However, the rearrangement and transformation of the ligands during 
the course of the reaction prevents the determination of which metal center the acetylene species 
initially attacks. Therefore, Lewis bases such as CO and Bu'NC were chosen for investigating 
the initial site of attack in (u-H)20s3(CO)g(PPh3). 
As expected the reaction of (u.-H)20s3(CO)g(PR3) with CO gas gives (u.-
H)(H)Os3(CO)i0(PR3). The solid state structure of (u.-H)(H)Os3(CO)io(PPh3), prepared by 
the addition of phosphine to (^-H)20s3(CO)iQ,2 has been determined by single crystal X-ray 
analysis.3 The structure of this compound is closely related to that of Os3(CO)i2 with an axial 
terminal hydride ligand replacing one carbonyl ligand; another hydride ligand is located in the 
bridging position between the osmium atom linked to the axial terminal hydride ligand and the 
osmium atom associated with the equatorial phosphine ligand. In solution, however, ([i-
H)(H)Os3(CO)io(pR3) has been known to exist as an equilibrium mixture of the two isomers 
undergoing intramolecular exchange of the terminal and bridging hydride ligands that creates a 
time-averaged symmetry plane through the metal atoms.4-5 
Similarly, the reaction of (p-H)2OS3(CO) 1Q with another Lewis base, alkyl 
isocyanides, has been shown to give the adducts, (u,-H)(H)Os3(CO) iQ(CNR)4-6 The solid-
state structure of (u.-H)(H)Os3(CO)i o(BulNC) has been determined by single crystal X-ray 
analysis.6-7 The structure of this compound is closely related to that of (u-
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H)(H)Os3(CO)io(PR3) with an axial isocyanide and an equatorial carbonyl ligand replacing 
one axial carbonyl ligand and the equatorial phosphine ligand, respectively. These isocyanide 
adducts also undergo the intramolecular terminal-bridging hydride exchange analogous to that 
found in the related compounds, (u.-H)(H)Os3(CO)irj(PR3).4 
This chapter details an investigation of the possible site selectivity in the reaction of CO 
with (u-H)20s3(CO)g(PMe2Ph) by cross 13CO labelling experiments. Then the site selectivity 
in the reaction of Bu'NC with (u-H)20s3(CO)g(PMe2Ph) was investigated by a combination 
of *H, 13C, and 31P NMR studies. The solution dynamics of (n-H)(H)Os3(CO)g(PMe2Ph) 
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(BulNC) (1) are also investigated. Because of the low solubility of (u.-H)20s3(CO)g(PPh3) 
and (|A-H)20s3(CO)io(PPh3) at low temperatures, the PMe2Ph derivatives have been used in 
most of the studies described in this chapter. 
4 . 2 . Results 
Assignment of Carbonyl Resonances of (|*-H)20s3(CO)g(PPh3). 
The 13C{1H} NMR spectrum of 13CO enriched (u.-H)20s3(*CO)g(PPh3) (* designates 13CO 
enrichment) at room temperature in CDCI3 displays six carbonyl resonances, labelled 1 to 6 
from higher field to lower field, with relative intensities of 2:1:2:1:1:2, consistent with the solid 
state structure (Table 4.1).8 The assignment of the carbonyl resonances is straightforward. 
Resonance 1, a singlet integrating to two carbon nuclei at 6 176.3 in the •H decoupled 
spectrum, changes to a doublet of doublets ^J(CH) of 11.6 and 0.5 Hz) in the lH coupled 
spectrum; thus it is assigned to the pseudo-axial carbonyls on the Os(CO)3 unit that are trans to 
one bridging hydride and cis to the other. Similarly, resonance 2, a singlet integrating as one 
carbon nucleus at 6 177.0 in the lU decoupled spectrum, turns into a triplet with 2J(CHcjs) of 
2.7 Hz in the JH coupled spectrum; this resonance is readily assigned to the carbonyl ligand in 
the equatorial site on the Os(CO)g unit located cis to the two equivalent bridging hydrides. 
Resonance 3, a doublet due to two equivalent carbon nuclei at 6 180.3, is assigned to 
the pseudo-axial carbonyls on the Os(CO)2(PPh3) unit due to its phosphorus coupling of 4.3 
Hz and its relative intensity. This is a typical value for a two-bond phosphorus-carbon 
coupling constant in triosmium carbonyl phosphine clusters.49-14 A large trans coupling to the 
bridging hydride further confirms this assignment. Resonance 6, a broad singlet at 184.8 ppm 
(2C) is assigned to the axial carbonyls on the Os(CO)4 unit due to its relative intensity. 
Table 4.1. 13C NMR parameters for H2Os3(CO)g(PPh3)a 
reson 
1 
2 
3 
4 
5 
6 
chem shiftb 
176.3 
177.0 
180.9 
182.5 
183.3 
184.8 
int 
2 
1 
2 
1 
1 
2 
multc 
dcpld 
s 
s 
d 
sxt 
d of qun 
s 
cpld 
dd 
t 
dd 
m 
m 
s 
CHtrans 
11.6 
7.8 
J (Hz) 
CHds PC 
0.5 
2.7 
4.3 
1.6 
0.4 
CC 
3.3 
3.3 
a19 °C; CDCI3. ^Chemical shifts (ppm) were referenced to the carbon resonance in CDCI3 
at 77.0 ppm. ^Multiplicities in the ^H-decoupled or coupled spectrum. 
The two remaining multiplets, resonances 4 and 5, are assigned to the equatorial 
carbonyls on the Os(CO)4 unit on the basis of their relative intensities. The two possible 
assignments of the equatorial carbonyls are distinguished through the analysis of their complex 
multiple! patterns as discussed later (Figure 4.1). 
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Assignment of Carbonyl Resonances of (|x-H)(H)Os3(CO)io(PMe2Ph). 
The carbonyl resonances of (u,-H)(H)Os3(CO) io(PMe2Ph) are unambiguously assigned by a 
combination of 13C COSY and selectively lH decoupled 13C NMR experiments. The 13C 
NMR spectrum of (u-H)(H)Os3(*CO)io(PMe2Ph) in acetone-do at -65 °C displays ten 
carbonyl resonances of equal intensity (Figure 4.2 and Table 4.2). In the lower field of the 
carbonyl region four resonances that correspond to two pairs of diaxial carbonyl ligands, 
namely (a, a1) and (b, b'), are recognized by their characteristic satellite peaks arising from 
partial 13CO enrichment and the large trans carbon-carbon couplings of 35-37 Hz.15-18 In 
these resonances the satellite peaks are second-order AB quartet. Resonances b and b' are 
further split by a phosphorus coupling of 7.8 Hz, which is a typical value for 2J(CP) to the 
phosphorus in a phosphine in triosmium carbonyl phosphine cluster 
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Figure 4.1 A portion of the 13C{ JH} NMR spectrum of(u-H)2Os3(*CO)g(PPh3) in 
CDCI3 at 19 °C. 
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Table 4.2. 13C NMR parameters for (u.-H)(H)Os3(CO)io(PMe2Ph)a 
chem shiftb 
170.36 
170.87 
172.72 
174.g0 
175.50 
180.11 
183.06 
183.7 
183.95 
184.64 
multc 
s(br) 
s 
s 
s 
s 
s 
td 
td 
t 
t 
assgnt 
h 
g 
d 
f 
e 
c 
b ' 
b 
a' 
a 
CHB 
w 
-
5.5 
2.6 
-
w 
w 
w 
-
-
J(Hz)d-c 
CHT 
_ 
-
6.4 
6.9 
-
23.0 
-
-
-
-
CP 
w 
w 
7.8 
w 
CC 
35.5 
ca.35 
ca.37 
37.6 
3-65 °C; acetone-d^. bChemicaI shifts (ppm) were referenced to the 
carbonyl carbon resonance in acetone-ds at 206.0 ppm. ^Multiplicities 
based on ^-decoupled spectra. dw indicates a small unresolved 
coupling. eB and T subscripts designate the bridging and the terminal 
hydrides, respectively. 
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compounds.9-14 These data indicate that the phosphine ligand is associated with the osmium 
unit containing the axial carbonyls b and b\ i.e. the unit is Os(CO)3(PMe2Ph). This leaves the 
other pair of axial carbonyl ligands to the Os(CO)4 unit. 
HB; J, PMegPh 
The !H coupled 13C COSY spectrum of (u.-H)(H)Os3(*CO)io(PMe2Ph) in acetone-
d6 at - 65 °C at 125.8 MHz is shown in Figure 4.3. Three independent homonuclear spin 
systems are detected and each spin system corresponds to the carbonyl ligands coordinated to 
one of the three osmium atoms because usually only two-bond couplings appear in the cross 
peaks in 13C COSY spectra of triosmium carbonyl clusters.19-21 The resonance at 6 170.4 
shows cross peaks with b and b\ which are assigned to the diaxial carbonyl in the 
Os(CO)3(PMe2Ph) unit; thus the resonance is assigned to carbonyl h, located in the remaining 
equatorial position on that osmium center. This equatorial carbonyl shows unresolved 
coupling to the phosphine ligand, consistent with this assignment. 
Likewise, both resonances at 6 170.9 and 175.5 exhibit off-diagonal peaks with both 
resonances at 6 184.0 and 184.6 assigned to the coaxial carbonyl on the Os(CO)4 unit; thus the 
two resonances are assigned to the equatorial carbonyls in the Os(CO)4 unit. 
The two equatorial carbonyl resonances are distinguished by the presence of an 
unresolved phosphorus coupling of the resonance at 6 175.5. The linewidth of this resonance 
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is larger than that of the other, indicating an unresolved three-bond coupling to the phosphorus 
nucleus in the phosphine ligand. Therefore the broader resonance at 6 175.5 and the narrower 
resonance at 6 170.9 are assigned to the carbonyls in the equatorial sites on the Os(CO)4 unit 
trans and cis to the phosphine ligand with respect to the unsupported metal-metal bond, 
respectively.11-12-22 
The last spin system in (u.-H)(H)Os3(CO)io(PMe2Ph) consists of three resonances. 
The resonance at 6 172.7 is coupled to the resonance at 6 174.9, which is further coupled to 
another at 6 180.1; these three resonances correspond to the remaining unit, namely the 
Os(H)(CO)3 moiety. 
This 13C COSY spectrum was recorded while lH decoupling was turned off. As a 
result, the cross peaks with hydrogen couplings contain information about the relative signs of 
the heteronuclear couplings whose carbon nuclei display cross peaks.23 The resonances at 6 
174.9 (f) and 180.1(c) show cross peaks composed of two signals arranged from upper-left to 
lower right, rather than from upper-right to lower-left. This relative positions of off-diagonal 
peaks indicate that the sign of 2J(CfH) is opposite from that of ^(C^H).23 
Selectively lH decoupled 13C NMR experiments on (u.-H)(H)Os3(CO)io(PMe2Ph) in 
acetone-dg give further, definitive clues to the assignment of the carbonyl resonances (Figure 
4.2). The !H coupled 13C NMR spectrum is shown in subspectrum a. Subspectra b and c 
were recorded when the bridging and the terminal hydride resonances were selectively 
irradiated, respectively. When the irradiation of one hydride resonance causes a coupling of a 
carbonyl resonance to collapse or an unresolved coupling of a carbonyl resonance to sharpen, 
the carbonyl carbon couples to the hydride nucleus irradiated. Coupling constants between the 
carbonyl resonances and hydrides are summarized in Table 4.2. 
The large proton coupling of 23 Hz between the resonance at 6 180.11 and the terminal 
hydride indicates that the resonance is due to carbonyl c located trans to the terminal hydride. 
Of the remaining two resonances on this Os(H)(CO)3 unit the resonance at 6 174.9 shows 
2J(CHB) of 2.6 Hz, which is smaller than 2J(CHB) of 5.5 Hz found in the resonance at 6 
172.7; thus the former and the latter resonances are assigned to the carbonyls in the sites cis 
and trans to the bridging hydride, respectively. 
CO Addition Reaction. The reaction of (^.H)2Os3(CO)g(PMe2Ph) with CO (l 
atm at room temperature) in acetone-dg at -10 C° in a sealed 5 mm NMR tube quantitatively 
gave (u.-H)(H)Os3(CO)io(PMe2Ph). The half time of the reaction under these conditions was 
found to be about one hour, as determined by *H NMR spectroscopy. 
Crossover experiments were carried out. To a solution of the 13CO enriched (ca.50 %) 
unsaturated cluster, (u.-H)20s3(*CO)g(PMe2Ph), in acetone-da in a 5 mm NMR tube was 
introduced 12CO gas at room temperature while cooling the lower part of the NMR tube to -78 
°C in order to prevent any reaction from occurring. The sealed NMR tube was gradually 
warmed up to -10 °C in the probe of the NMR instrument and the sample was kept at -10 °C for 
an hour. Then the probe was immediately cooled down to -80 °C and a 13C NMR spectrum 
was recorded (Figure 4.4). The spectrum indicated that the 13CO enrichment among the 
carbonyl resonances in the product is uniform. This result clearly shows that a fast random 
scrambling of all the carbonyl ligands occurs during the course of the reaction. 
The reaction of unlabelled (n-H)20s3(CO)g(PMe2Ph) with 13CO under the same 
conditions was performed. In this case the reaction at -10 °C was directly monitored every ten 
minutes by 13C NMR spectroscopy (Figure 4.5). The short Tj relaxation time of the carbonyl 
carbons at low temperatures made the detection of the carbonyl resonances possible using a 
five-minute acquisition time enen at natural abundance. The 13CO enrichment among the 
carbonyl resonances in the product was observed to be uniform. 
Bu*NC Addition at Low Temperature. The addition of BulNC to a 
solution of H20s3(CO)g(PMe2Ph) in acetone-do at -78 °C gave two isomers of (u.-
H)(H)Os3(CO)g(PMe2Ph)(Bu'NC) (la, lb) (la and lb correspond to the major and the 
minor isomers of the pair, respectively). The high-field region in the *H NMR spectrum at 
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Figure 4.5. 13C{ !H} NMR spectra following the formation of (u.-
H)(H)Os3(CO)io(PMe2Ph) in the carbonylation reaction of (u-
H)20s3(CO)g(PMe2Ph) in acetone-dg at -10 °C in a sealed NMR tube. 
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-80°C showed two doublets around -10 ppm (2J(HH) = ca. 4 Hz) and two doublets of doublets 
around -20 ppm (2J(HP) = ca. 11 Hz; 2J(HH) = ca. 4 Hz) assigned to the terminal and 
bridging hydrides in the two isomers, respectively (Table 4.3). The chemical shifts and 
2J(HP) coupling constants are very close to those in the related compounds, (u,-
H)(H)Os3(CO)io(PRg) and (u-H)(H)Os3(CO)io(RNC), and suggest that the compounds are 
structurally similar.4-7 
*H spin saturation transfer experiments at -60 and -40 °C confirm that the bridging and 
the terminal hydride ligands exchange with each other. Irradiation of one of the terminal 
hydride resonances led to a decrease in intensity of the bridging hydride resonance of the other 
isomer (Figure 4.6).24 Thus the two isomers are expected to possess structures similar to (u.-
H)(H)Os3(CO) 1 Q(PR3)and (u-H)(H)Os3(CO)
 10(Bu<NC); specifically one of the axial 
carbonyl ligand in (n-H)(H)Os3(CO)io(PR3) is formally replaced by one BulNC ligand. 
Bu*NC Addition at Room Temperature. The addition of Bu^NC to a 
solution of H20s3(CO)g(PMe2Ph) in acetone-d^ at room temperature gave two pairs of two 
isomers of 1. The high-field region in the lU NMR spectrum at -80°C shows four doublets 
around -10 ppm and four doublets of doublets around -19 ppm, assigned to the terminal and 
the bridging hydrides in the four isomers, respectively (Table 4.3). la and lb, observed in 
Table 4.3. !H NMR parameters of the four isomers of 
(H-H)(H)Os3(CO)g(PMe2Ph)(ButNC)(l)a 
compd 
l a 
l b 
l c 
Id 
(H-H)(H)Os3(CO)io(PPh3)b 
(u.-H)(H)Os3(CO) io(Bu(NC)c 
chem 
shift 
-19.55 
-19.43 
-18.74 
-18.62 
-20.43 
-19.85 
-19.74 
mult 
dd 
dd 
dd 
dd 
dd 
d 
d 
chem 
shift mult 
-9.90 d 
-9.62 d 
-10.03 d 
-9.72 d 
-10.58 d 
-10.09 d 
-9.94 d 
JCHz) 
HH PH 
4.2 10.7 
3.9 10.1 
4.8 11.3 
3.9 10.6 
4.0 12.0 
4.0 
3.8 
aacetone-d6;-80 °C; 300 MHz. bCD2Cl2; - 60 °C; ref. 4. <€DCl3;-14°C;ref4. 
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the preparation at -78 °C, are more dominant than the newly observed pair, lc and Id (lc 
forms in greater abundance than Id). Variable-temperature lH and 31P NMR spectra show 
how the isomers interconvert (Figure 4.7 and 4.8). The 31P NMR chemical shifts exhibited a 
large temperature dependence; this is, however, a common phenomenon in 31P NMR spectra, 
and 31P NMR chemical shifts are often more temperature dependent than 13C chemical 
shifts.25 
A given pair of isomers does not convert to the other pair. After a solution of a pair of 
isomers, la and lb, prepared by the addition of BulNC at -78 °C, has stood for three weeks at 
room temperature, it did not produce the other pair of the isomers, lc and Id. Likewise, after 
a prolonged period a solution containing all four of the isomers did not convert to one 
containing only one pair of isomers. 
The locations of the isocyanide ligands in each isomer are uncertain by the data 
presented so far. If the isocyanide ligand replaces the axial carbonyl trans to the terminal 
hydride ligand in (u.-H)(H)Os3(CO) i^(PMe2Ph), such an isomer could not produce two 
isomers by the exchange of the terminal and the bridging hydride ligands; both species would 
be enantiomers of one another. 
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Figure 4.8. Varable temperature 31P NMR spectra of the four isomers of 
(u-H)(H)Os3(CO)g(PMe2Ph)(Bu'NC) (la, lb, lc, Id) in acetone-d6. 
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Thus, it is expected that one pair of isomers of 1 forms by the formal replacement of an 
axial carbonyl ligand on one of the two osmium units, Os(CO)4 or Os(CO)3(PMe2Ph), in (u,-
H)(H)Os3(CO)jo(PMe2Ph). Which axial carbonyl ligand is formally substituted by an 
isocyanide ligand is easily distinguishable by 13C NMR experiments by noting the loss of the 
satellite peaks characteristic of the coaxial carbonyl ligands. 
The 13C{1H} NMR spectrum of 1 in acetone-da at -75 °C recorded at 125.77 MHz 
displays numerous carbonyl resonances. However, careful integrations show the eight 
carbonyl resonances in the predominant isomer, la, and most of the resonances in lb (Table 
4.4) It should be noted that the resonance at 6 174.29 in la has twice the intensity of the other 
seven resonances; clearly two carbonyl carbon nuclei in la are isochronous. The eight 
resonances are designated from 1 to 9 from higher field to lower field, counting the resonance 
at 8 174.29 twice. The resonances in lb are labelled in the same way but in Roman numerals. 
Resonances 8 and 9 that resonate at the lowest field among the carbonyls in la appear 
as a characteristic pair of apparent triplets caused by a large 2J(CC)trans coupling constant and 
partial 13C incorporation. The second-order pattern of the satellite peaks of these resonances 
further confirms that the two resonances couple with one another. All these data indicate that 
the two resonances arise from a pair of coaxial carbonyl ligands. It is noteworthy that these 
resonances do not show coupling to phosphorus. 
However, resonance 7 at 5 182.88 shows a phosphorus coupling of 6.3 Hz, which is a 
typical value for a two-bond coupling between a carbonyl carbon and a phosphine phosphorus 
in triosmium carbonyl phosphine clusters. 9-14 Based on this chemical shift, this resonance is 
assigned to an axial rather than an equatorial carbonyl ligand. As a further support of this 
assignment, the related compound, (u.-H)(H)Os3(CO)io(PMe2Ph), exhibits another 
resonance in this region such that the two resonances constitute two coaxial carbonyls. The 
lack of another signal in the same region in la strongly suggests that the isocyanide ligand is 
located trans to the axial carbonyl that gives resonance 7 and is on the same OsL^unit as the 
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Table 4.4.13C-NMR Parameters for (^-H)(H)Os3(CO)g(PMe2Ph)(ButNC)a 
reson 
1 
2 
3 
4 
5 
6 
7 
8 
g 
i 
II.III 
IV 
V 
VI 
VII 
VIII 
IX 
chem shiftb 
173.97 
174.29 
174.29 
176.61 
177.34 
182.53 
182.88 
186.02 
187.41 
174.07 
174.29 
176.87 
177.13 
182.10 
183.51 
185.9 
186.0 
multc 
s 
s 
s 
s 
s 
s 
d 
t 
t 
s 
s 
s 
s 
s 
d 
t 
t 
assgnt 
h 
8 
d 
f 
e 
c 
b 
a* 
a 
1C 
2C 
d 
1C 
c 
b 
a' 
a 
C-P 
l a 
w 
6.3 
l b 
w 
6 
J (Hz)d 
C-C C-HT 
-
7.3 
-
23.5 
-
37.1 
37.0 
w 
23.6 
-
ca.36 
ca.36 
C-HB 
8 
3.2 
-
w 
w 
-
w 
w 
w 
w 
-
-
aThe spectra were recorded at 125.77 MHz in acetone-d^ at 198 K. bChemical shifts (ppm) were 
referenced to the carbonyl carbon in acetone-dg at 8 206.0. ^Multiplicities based on ^H-decoupled 
spectra. dw indicates a small unresolved coupling. 
phosphine ligand. 
Similarly, resonance VIII at 6 185.9 and another resonance IX at 8 186.0 in lb are 
singlets, showing satellite peaks with a second-order pattern; they are assigned to the coaxial 
carbonyls. Resonance VII, a doublet at 8 183.51, also shows a phosphorus coupling and 
lacks a coupling to another coaxial carbonyl; thus this resonance is assigned to the axial 
carbonyl on the same unit as the phosphine ligand. 
The resonance at 8 190.0 in the lowest field region appears as a triplet of doublets, and 
it has a small relative intensity compared to any resonance in la or lb. This resonance may be 
due to either lc or Id, but it is more likely lc because any resonance due to Id would be too 
minute to be detected. This pseudo triplet is caused by superimposition of a singlet and a 
satellite peak with a large trans 2J(CC) coupling constant around 35 Hz. The coupling in the 
doublet is in the range typical for 2J(CP) coupling constant.9"14 Only this signal shows the 
presence of two axial carbonyl ligands and one phosphine ligand, which is reasonably assumed 
to be in an equatorial position in one osmium unit. Also the other axial position on this unit 
must be occupied by a carbonyl ligand; moreover, it is quite unlikely that the phosphine and 
isocyanide ligands coexist in the two equatorial positions in an osmium center. Thus, this 
resonance is probably associated with an Os(CO)3(PMe2Ph) unit. 
Selectively JH decoupled 13C NMR experiments on la and lb in acetone-do at -65 °C 
were carried out (Figure 4.9). Subspectrum a was recorded while a noise region around -15 
ppm was irradiated. Subspectra b and c were recorded while the terminal and the bridging 
hydride resonances were irradiated, respectively. Resonances 6 and VI show large couplings 
of ca. 23.5 Hz to the respective terminal hydrides; thus they are assigned to the carbonyl 
ligands trans to the terminal hydride, i.e. position c. Resonance 4 is coupled to both the 
terminal and the bridging hydride ligands by 7.3 and 3.2 Hz, respectively. Therefore, this 
signal is assigned to the equatorial carbonyl ligand cis to the bridging hydride ligand on the 
Os(H)(CO)3 unit. Resonances 1 and 7 do not couple to the terminal hydride but do couple to 
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the bridging hydride. As expected, resonances 8 and 9 do not show couplings to the hydrides. 
Resonance 5 did not couple to either hydride, suggesting that it belongs to the same metal 
center as the other two resonances, namely the Os(CO)4 center. 
The lH coupled 13C COSY spectrum of 1 in acetone-d^ at -70 °C recorded at 125.77 
MHz affords the final clues to assign the carbonyl resonances and to elucidate the position of 
the isocyanide ligand (Figure 4.10). Resonance 8, assigned to one of the coaxial carbonyls, 
exhibits cross peaks to resonances 2 and 5; thus both resonances are assigned to the equatorial 
carbonyls. Therefore, this indicates the presence of a Os(CO)4 unit and does not contain the 
isocyanide ligand as previously expected. 
Resonance 6 shows cross peaks to resonance 4; thus they belong to the same unit, 
confirming that the two corresponding carbonyl ligands belong to the same metal center, as 
suggested by selectively *H decoupled NMR experiments. Resonance 7 shows off-diagonal 
peaks to resonance 2 or 3; this is a rare example of cross peaks due to coupling across a metal-
metal bond in a triosmium carbonyl cluster complex. 
As before, the locations of the cross peaks with a coupling to a hydrogen nucleus show 
Figure 4.10. lH coupled 13C COSY spectrum of (u-H)(H)Os3(CO)g(PMe2Ph)(ButNC) (1) 
in acetone-dg at -70 °C. 
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the relative signs of two heteronuclear couplings because this 13C COSY spectrum was 
recorded while lH decoupling was turned off.23 Resonances 4 and 6 show cross peaks 
composed of two signals arranged from upper-left to lower right, rather than from upper-right 
to lower-left (Figure 4.11). The relative positions of the off-diagonal peaks indicate that the 
sign of 2J(C4H) is opposite to that of ^(C^H).23 
4 . 3 . Discussion 
Analysis of Multiple! Patterns in Carbonyl Resonances in (u.-
H)20s3(CO)9(PPh3). The two possible assignments of resonances 4 and 5 in (u,-
H)20s3(CO)g(PPh3) to the equatorial carbonyls on the Os(CO)4 unit can be distinguished by 
obtaining phosphorus coupling constants through the analysis of the complex coupling 
patterns. Resonance 5 at 183.3 ppm appears as a doublet of binomial quintets. This pseudo 
binomial quintet is interpreted as the result of superimposition of a singlet, a doublet and a 
triplet, caused by homonuclear cis couplings to the two axial carbonyls and the partial (ca. 50 
%) incorporation of 13C into the carbonyl carbons. When the 13C enrichment of the sample is 
exactly 50%, the relative intensities of the components of the pseudo-quintet will become 
binomial as shown below. 
relative 
combination possibility multiplcity 
(12C, 1 2 Q l 4 4 
(13C, 12C) 2 8 4 4 
(13C, 13C) 1 4 1 2 1 
+ 
1 4 6 4 1 
Resonance 4 at 182.5 ppm appears as either a quartet or a binomial sextet with each of 
the outermost peaks missing. This resonance is interpreted as a binomial sextet rather than a 
156 
Figure 4.11. Selected region of the •H coupled 13C COSY spectrum of (|x-
H)(H)Os3(CO)g(PMe2Ph)(Bu'NC) (1) in acetone-dg at -70 °C. 
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quartet due to relative intensities. This sextet is a doublet of pseudo binomial quintets. This 
added coupling of 1.6 Hz is caused by the phosphorus nucleus of the phosphine ligand. Since 
resonance 4 has a phosphorus coupling of 1.6 Hz that is larger than the value of 0.4 Hz for 
resonance 5, resonances 4 and 5 are assigned to the carbonyls on the Os(CO)4 unit that are 
trans and cis to the phosphine ligand with respect to the unsupported metal-metal bond, 
respectively. 
Assignment of Carbonyl Resonances of (u,-
H)(H)Os3(CO)io(PMe2Ph)(CNBu t) (1). The assignment of the carbonyl 
resonances of 1 given here is the same as that proposed by Keister and Shapley4 rather than 
the alternative assignment proposed by Aime and coworkers in which the resonances at 8 
174.90 and 175.50 are reversed.5 The couplings of the resonance at 8 174.90 (COr) to the 
hydrogen nuclei were mistakenly attributed to the nearby resonance at 8 175.50 (COe), which 
is separated from the genuine resonance by 0.6 ppm or a mere 15 Hz for the instrument 
employed in the original study. Additionally, the strong appodization applied to enhance the 
signal-to-noise ratio made the resolution worse. Under these conditions slight broadening of 
the carbonyl resonance due to couplings to hydrogens may not be easy to identify. 
In this study, however, 13C NMR spectra with better signal-to-noise ratios were 
obtained due to the advance in instrumentation. In selectively lH decoupled spectra the signal-
to-noise ratio is high enough that even resolution-enhanced apodization could be applied with 
sacrifice of signal-to-noise ratio; there is no room to misidentify the origin of a hydrogen 
coupling in a carbonyl resonance. Moreover, the higher magnetic-field instrument has made 
the separtion of signals much larger in terms of absolute frequency; thus, it is much easier to 
distinguish signals that resonate closely together. Furthermore, the 13C COSY spectrum of a 
triosmium cluster gives valuable information pertaining to which carbonyls are attached to the 
same metal center. 
Structures of the Four Isomers of (|x-H)(H)Os3(CO)9(PMe2Ph)(ButNC) 
(1) . Based on JH NMR data the general configuration of the four isomers of 1 is reasonably 
deduced to be the same as that of (n-H)(H)Os3(CO) 1 rj(PMe2Ph) and (u.-
H)(H)Os3(CO)i o(RNC). The similarities of the two hydride chemical shifts and the 2J(HH) 
coupling between the two hydrides in all of the four isomers with those of (u,-
H)(H)Os3(CO)!o(PR3) and (n-H)(H)Os3(CO)10(RNC) indicate the the axial terminal and the 
equatorial bridging hydrides are present in a cis configuration.4-7 Then the 2J(HP) value of 
approximately 12 Hz in each of the four isomers of 1 shows that the phosphine ligand is 
located in a position cis to the bridging hydride. Considering that phosphite and phosphine 
ligands have been known to coordinate in an equatorial position in triosmium clusters, such as 
(u.-H)(H)Os3(CO)io(PPh3),3Os3(CO)i i(P(OMe)3),26 (u.-H)2Os3(CO)g(PPh3),8 (u.-
H)20s3(CO)g(PMe2Ph),27 and (^-H)2Os3(CO)g(PPri3),28 the phosphine ligand in all isomers 
of 1 are reasonably assumed to occupy an equatorial position trans to an unsupported metal-
metal bond and cis to the bridging hydride. 
The isocyanide ligand in (u.-H)(H)Os3(CO)i rj(Bu'NC) in the solid-state has been 
found to be axially coordinated and to be on the opposite side of the triosmium plane from the 
axial, terminal hydride.6-7 In solution two isomers were found depending on the orientation of 
the axial hydride relative to the axial isocyanide ligand.4 In 1 two pairs of two interchangeable 
isomers are also present. Thus, it is reasonable to assume that the major and the minor isomers 
of each pair possess the axial terminal hydride on the opposite and the same side as the axial 
isocyanide ligand, respectively. 
The position of the isocyanide in 1 is best deduced by finding one missing carbonyl 
carbon resonance in la as compared to those in (u.-H)(H)Os3(CO) io(PMc2Ph). Moreover, 
considering the exchange of the terminal and the bridging hydrides, only the carbonyl sites on 
the Os(CO)3(PMe2Ph) and Os(CO)4 units in (u.-H)(H)Os3(CO)io(PMe2Ph) are possible 
positions for the formal replacement by the isocyanide ligand. 
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Resonances 2, 8, and 9 that compose the Os(CO)3(PMe2Ph) unit in la correspond to 
those of h, a' and a in (fi-H)(H)Os3(CO) io(PMe2Ph), respectively; the chemical shifts of 
these resonances of la are all 2 to 3 pprm to lower field. Resonances 3,4, and 6 that consist 
of Os(H)(CO)3 unit in la are shifted to lower field by around 2 ppm and correpond to those of 
d, f, and c in (u-H)(H)Os3(CO)io(PMe2Ph), respectively. 
(u-H)(H)Os3(CO) ,0(PMe2Ph) la 
On the other hand, while three carbonyl ligands in positions, b, b', and h constitute the 
Os(CO)3(PMe2Ph) unit in (u.-H)(H)Os3(CO) ^ (PMeoPh), only two resonances, 1 and 7, in 
la show coupling to phosphorus. In addition, they are not coupled to the terminal hydride but 
only to the bridging hydride; this further indicates that the two resonances belong to the same 
metal center. Moreover, resonance 7 is shifted to upfield, compared to the average of the 
chemical shifts of the coaxial carbonyls in (u.-H)(H)Os3(CO)i^(PMe^Ph), contrary to the 
other resonances in la. Furthermore, resonance 1 exhibits the largest downfield shift from 
those of (|.i-H)(H)Os3(CO)io(PMe2Ph). This is explained by the anisotropy caused by CN 
triple bond in which deshielding occurs in the region alongside the CN axis.29 These data 
clearly indicate that la contains only one axial carbonyl on this unit, and the isocyanide ligand 
occupies in an axial position on the Os(CO)2(PMe2Ph)(ButNC) unit in la. 
This leaves only the Os(CO)4 unit in (p.-H)(H)Os3(CO)io(PMe2Ph) as the site of 
formal replacement of a carbonyl by an iscyanide ligand to give a pair of isomers, lc and Id. 
Consistent with this reasoning, one axial carbonyl resonance in lc shows 2J(CC)irans and 
2J(CP)cis couplings, indicating the presence of an Os(CO)3(PMe2Ph) unit. The overall 
solution structures and dynamics are summarized in Scheme 4.1. 
The relative chemical shifts of the chemically inequivalent hydrides of the four isomers 
are consistent with the proposed positions of the isocyanide ligand in the four isomers. CN 
triple bonds have been well known to possess particularly strong magnetic anisotropics.29 
These anisotropics are known to have angular dependencies, and regions perpendicular to the 
CN axis are shielded; the effect decreases as the distance from the CN triple bonds increases.29 
The terminal and the hydride ligands of the four isomers are close to perpendicular to the 
orientation of the CN triple bond of the isocyanide ligand, putting them within the space 
deshielded by the magnetic anisotropy. The chemical shifts of the terminal hydride of the 
isomers, in increasing field, are found to be lb, Id, la, and lc. This is in the same order as 
the decreasing distances between the terminal hydride and the isocyanide ligands in the 
structures proposed since a metal-metal bond with one bridging hydride ligand is longer than 
an unsupported metal-metal bond in a triosmium carbonyl cluster compound.3 
The relative chemical shifts of the bridging hydrides of the isomers can be explained in 
the same way. The distance between the bridging hydride and the isocyanide ligands is shorter 
in the pair of isomers la and lb than the other pair of isomers lc and Id so that the stronger 
anisotropy is expected from the isocyanide ligand in the former pair than in the latter. The lH 
NMR data is consistent with this tendency, and the signals of the bridging hydrides in la and 
lb are observed to be upfield of those in lc and Id. 
Isocyanide ligands that are less bulky than phosphines have usually been observed to 
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Scheme 4.1. Solution dynamics of the four isomers of 
(H-H)(H)Os3(CO)g(PMe2Ph)(ButNC). 
163 
" " . . 
vi,^  %,. I ..** 
la lb 
' " , , 
lc Id 
occupy axial sites.30-32 However, an exception has been reported in which the isocyanide 
ligand was found in an equatorial position on the Os(u.-H)20s unit in (u,-
H)2Os3(CO)g(ButNC).7 It should be noted that another isomer of (^-H)2°S3(CO)g(Bu'NC) 
contains the isocyanide ligand in an axial position on the Os(CO)3(BulNC) unit30 
Site Selectivity and Formation Mechanism of the Four Isomers of (u,-
H)(H)Os3(CO)9(PMe2Ph)(Bu tNC) (1). The locations of the isocyanide ligand in 
the four isomers of 1 give insight into the formation mechanism in this addition reaction. The 
starting complex, (u.-H) 20s3(CO) g(PMe2Ph) possesses two different sites of attack for 
isocyanide. When an isocyanide molecule attacks the Os(CO)2(PMe2Ph) center in (\L~ 
H)20s3(CO)9(PMe2Ph), the formation of la and lb is reasonably expected (Scheme 4.2). 
This is the case when the addition is carried out at low temperatures; only one site selectively 
undergoes the addition reaction. Once this pair forms, this pair does not change to another 
pair, as shown by NMR experiments. 
On the other hand, when the isocyanide species attacks the other site, namely the 
Os(CO)3 center, an unstable intermediate is generated in which two ligands with strong 
electron-donating capability, i.e. a terminal hydride and a phosphine ligands, are associated 
with the same metal center along with a bridging hydride ligand (Scheme 4.3). However, 
since eventually this attack should produce lc and Id, inter-nuclear rearrangement of ligands 
must ensue. When the addition of isocyanide was carried out at room temperature, the 
nucleophile attacks both sites, hence forming the four isomers of 1. Still the 
Os(CO)2(PMe2Ph) center is attacked preferentially over the Os(CO)3 center because the pair of 
isomers la and lb predominates over the other pair of lc and Id. 
4 .4 . Experimental Section 
Materials and Methods. (u-H)20s3(CO)io(PMe2Ph), (u-
H)20s3(CO)g(PMe2Ph), and (u,-H)20s3(CO)g(PPh3) were prepared by literature methods.2 
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Scheme 4.2. Mechanism of reaction of (u-H)20s3(CO)g(PMe2Ph) with BulNC: the 
Os(CO)2(PMe2Ph) center is attacked and results in the formation of two 
isomers of (ji-H)(H)Os3(CO)g(PMe2Ph)(BulNC), la and lb. 
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Scheme 4.3. Mechanism of reaction of (u-H)20s3(CO)g(PMe2Ph) with BulNC: the 
Os(CO)3 center is attacked and results in the formation of two isomers of 
(u-H)(H)Os3(CO)g(PMe2Ph)(ButNC), lc and Id. 
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13CO (99 %) was purchased from Isotec and used without further purification. 13CO 
enrichment was performed with Os3(CO)i2 by stirring for three days at 120°C in decalin in the 
presence of twelve equivalents of 13CO. 
NMR Spectroscopy. 13C NMR spectra were recorded on a General Electric 
GN-500 spectrometer equipped with an NIC 1280 computer. Chemical shifts of carbonyl 
resonances are referenced to the carbonyl carbon in acetone-dg at 206.0 ppm or the methine 
carbon in CDCI3 at 77.0 ppm. 31P NMR spectra were recorded on a General Electric GN-300 
spectrometer. Chemical shifts are referenced to H3PO4 (85 %) at 8 0.0 at room temperature. 
For 13C COSY spectra of (n-H)2Qs3(CO)io(PMe2Ph) and 1 a COSY pulse sequence 
with additional delays of 50 msec was used. The data matrix was acquired with 512 data 
points in t\ and 1024 data points in to- A total of 160 ID spectra along the t\ dimension were 
collected for 1. Appodization was applied to all data sets of (u-H)20s3(CO)io(PMe2Ph) and 1 
with 0.2-Hz and 0.5-Hz exponential Iine-broadenings followed by 10° and 15° shifted sine 
bells, respectively. The frequency domain matrices were symmetrized along the Fi=F2 
diagonal for (n-H)20s3(CO)io(PMe2Ph) but not for 1 because the symmetrizaion causes the 
disappearance of genuine cross peaks. Selectively JH decoupled 13C NMR spectra of (u-
H)20s3(CO)io(PMe2Ph) and 1 were obtained by using a one pulse sequence with the 
decoupler on during the acquisition time to minimize the effects of possible hydride exchange 
processes. 
Preparation of (u.-H)20s3(CO)9(PMe2Ph)(Bu tNC) (1). In a typcial 
preparation BulNC (0.8 ul, 1.1 eq) was added to a solution of H20s3(CO)<XPPh3) (6.5 mg, 1 
eq) in acetone (0.4 ml) and the color changed immediately from purple to yellow. Most of 
NMR samples were prepared /// situ. For the compounds prepared at room temperature: 
IR(cyclohexane) v(CO): 2082 (m), 2047 (s), 2025 (vs), 2006 (m), 1986 (m), 1972 (w), 1962 
(w, sh); v(CN): 2175 (w, br). 
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Chapter 5: 
Reactions of (u.-H)20s3(CO)p(PPh3) with CH2N2. 
Characterization of [H2Os3(CO)8(PPh3)2]2(|i-c"-CHCH=CHCH2CH) 
5 . 1 . Introduction 
The reaction of (n-H)20s3(CO)io in CH2CI2 with ethereal diazomethane gives a pair of 
tautomers, (u.-H)Os3(CO)io(|x-CH3) and (pi-H)20s3(CO) io(u.-CH2) in solution.1 However, 
only the methylene tautomer crystallizes from solution and its solid-state structure was 
determined by X-ray and neutron diffraction studies;2-3 one hydride bridges the same edge as 
the axial methylene moiety and the other hydride occupies an adjacent edge. The methyl group 
in the methyl tautomer was found to have an agostic interaction by lH NMR evidence.4 
The reaction of (ji-H)2Os3(CO)9(PMe2Ph) or (n-H)2Os3(CO)io(PMe2Ph) in CH2C12 
with ethereal diazomethane has been previously reported to give the tautomeric pair of clusters, 
(fi-H)Os3(CO)9(PMe2Ph)(n-CH3)/(n-H)20s3(CO)9(PMe2Ph)(^-CH2), as identified by their 
lH NMR spectra.5 The tautomers also display a molecular ion peak consistent with the given 
formulation.5 
The position of the phosphine ligand in this tautomer pair has not been unambiguously 
determined. The locations of the phosphine ligand in the pair may shed light on the initial site 
of diazomethane attack. Besides, the position of the phosphine ligand may also be related to 
another phosphine alkylidene complex, (u.-H)20s3(CO)9(PPh3)(u.-CHCH3).6 In this cluster 
the phosphine ligand is associated with the Os(CO)3(PPh3) center without the creation of a 
Os(CO)2(PPh3) center, indicating that inter-nuclear rearrangement of the ligands had occurred 
during the course of the reaction. 
The reaction of H20s3(CO)g(PPh3) in chloroform with ethereal diazomethane at room 
temperature is presented in this chapter. Besides the expected pair of tautomers, (u,-
H)Os3(CO)9(PPh3)(u-CH3) / (n-H)2Os3(CO)9(PPh3)(u.-CH2), one more product was isolated 
as well. Detailed NMR characterization of this new compound suggests that the novel cluster 
has the formula [(u.-H)2Os3(CO)8(PPh3)2]2(^-cw-CHCH=CHCH2CH) in which two 
triosmium carbonyl units are connected through a hydrocarbon fragment; moreover, each 
triosmium unit contains two triphenylphosphine ligands. 
When the same reaction was carried out in another halogenated solvent, CH2CI2, the 
expected pair of the methyl / methylene tautomers and another new compound incorporating 
methylene fragments were isolated; the dimer of triosmium frameworks was not oberved. 
5 .2 . Results 
The reaction of H20s3(CO)9(PPh3) in chloroform with ethereal diazomethane at room 
temperature yields a pair of tautomers (u.-H)Os3(CO)9(PPh3)(u,-CH3) / (u,-
HhOs3(CO)9(PPh3)(n-CH2) and an orange-yellow crystalline compound. The 'H NMR 
spectrum of the tautomeric pair in CDCI3 at room temperature recorded at 360.055 MHz shows 
a broad singlet at 6 -15.4 and a doublet at 8 -20.2 with 2J(PH) of 7.5 Hz. These values are 
close to lH NMR data of the PMe2Ph methylene complex in which a singlet at 8 -15.5 and a 
doublet at 8 -20.8 with 2J(PH) of 13 Hz were observed in CDCI3 at 35 °C.5 The characteristic 
methyl resonance at 8 -3.7 of the PPh3 methyl tautomer was detected also; couplings were not 
resolved. 
This pair of tautomers also forms when the same reaction is carried out in another 
halogenated solvent, CH2CI2. The !H NMR spectrum of this pair recorded at 500.1 MHz 
gives basically the same lH NMR parameters as does the product prepared in CHCI3 with the 
exception of small discrepancies in phosphorus couplings of the resonance at 8 -20.2 ppm in 
the methylene tautomer; samples prepared in CHCI3 and CH2CI2 give J(PH) values of 7.5 and 
11.5 Hz, respectively. This difference is probably caused by the poor resolution of the 
spectrometer used to obtain the data with the smaller phosphorus coupling. 
*H NMR Experiments. The reaction of H20s3(C0)g(PPh3) in chloroform with 
ethereal diazomethane at room temperature gives another orange-yellow crystalline compound 
besides the tautomeric pair. The lH NMR spectrum of the new compound formed in 
chloroform in acetone-do at room temperature shows five resonances from 6 ppm to 3 ppm 
with relative intensities 1:1:1:2:1 labelled A to E, four hydride resonances from -14 ppm to -20 
ppm with equal intensities of 1 labelled X, Y, Z, and U, and multiplets around 7.2 to 7.6 ppm 
for the phenyl hydrogens of the triphenylphosphine ligands (Figure 5.1 and Table 5.1). 
Homonuclear decoupling experiments were carried out. Each spectrum, in which each of 
resonances from A to D was selectively irradiated, was subtracted from the reference spectrum 
in which the noise around 8 5.46 was irradiated, resulting in a difference spectrum (Figure 5.2 
and 5.3). 
First, the spin systems of the hydride nuclei are shown. In the hydride region 
resonances X and Y have similar chemical shifts around -15 ppm as does resonances Z and U 
around -19 ppm. Each of the four hydride resonances has equal intensity. The difference 
spectra show that resonance A is coupled to hydride resonances U and Y and that resonance B 
is coupled to hydride resonances X and Z (Figure 5.2). Thus this result indicates the presence 
of two independent spin systems composed of two hydride nuclei, namely, (X, Z) and (Y, U). 
A homonuclear coupling between the two resonances in each spin system is further 
supported by lH NMR data. A coupling between resonances X and Z is confirmed by a 
COSY experiment that exhibits cross peaks between the two resonances. Subsequent analyses 
of the multiplicities of the resonances indicates a homonuclear coupling of 2.0 Hz; in triosmium 
carbonyl clusters this is a typical value for two bridging hydride ligands situated on adjacent 
edges. Likewise, there is an indication of a small coupling (1 to 2 Hz) between resonances Y 
and U by analysis of the multiple! patterns. 
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Figure 5.1. Selected regions of lH NMR spectra of [H2Os3(CO)8(PPh3)2]2("-cw-
CHCH=CHCH2CH) in acetone-de at 21 °C. 
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Table 5.1. W NMR parameters for [H2Os3(CO)8(PPh3)2]2(^-cw-CHCH=CHCH2CH)a 
assgnt 
A 
B 
C 
D 
E 
X 
Y 
Z 
u 
6b 
5.22 
4.54 
4.41 
3.55 
3.41 
-14.45 
-15.07 
-19.21 
-19.45 
mult 
m 
tq 
m 
m 
t 
dt 
ddd 
ddt 
ddt 
J (Hz) 
HP* 
HAPi, HAP2 
HBP3, HBP4 
HCP3 
2J(HXP3)=31.1 Hz 
3J(HXP4)=2.0 Hz 
2J(HYPi)=9.0 Hz 
3J(HYP2)=L2 Hz 
2J(HZP3)=10.9 Hz 
2J(HZP4)=8.5 Hz 
2J(HTJPI)=27.4 Hz 
2J(HuP2)=10.6 Hz 
HHC 
AB, AC, AD 
BC, BD, BE 
CD,CE 
3J(HDHE)=5.2 Hz 
3J(HXHB)=2.0 HZ 
3J(HYHA)=2.4 HZ 
3J(HZHB)=2.3 HZ 
3 J (HUH A )=2 .1 HZ 
int 
IH 
IH 
IH 
2H 
IH 
IH 
IH 
IH 
IH 
a21 °C; acetone-dg. ^Chemical shifts (ppm) are referenced to the methyl proton resonance in 
residual isotopomer, acetone-dg, at 2.04 ppm. ^Designation without coupling constants show 
unresolved couplings. 
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Figure 5.2. The hydride regions of JH difference spectra of [H20s3(CO)8(PPh3)2k(M.-cw-
CHCH=CHCH2CH) in acetone-dgat 21 °C generated by homonuclear 
decoupling experiments: (a) resonance A was irradiated; (b) resonance B was 
irradiated; (c) resonance C was irradiated; (d) resonance D was irradiated. 
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These results suggest that each spin system containing two hydride ligands belongs to a 
different triosmium unit. Moreover, each set contains one hydride signal around -15 ppm, i.e. 
resonance X or Y, and another hydride signal around -19 ppm, i.e. resonance Z or U. These 
chemical shifts are typical for a structure like (u.-H)20s3(CO)g(L)(u.-CHR) (L = CO; R = H,13 
L = CO,7 PPI136; R = CH3) in which a bridging alkylidene moiety shares the same edge of a 
triosmium framework as a bridging hydride ligand that resonates -15 ppm, and another hydride 
which bridges an adjacent edge resonates around -19 ppm. 
L = COorPPh3 
The analysis of *H NMR spectra in the hydrocarbon region revealed a hydrocarbyl 
moiety that connects two triosmium frameworks. The five resonances from 6 ppm to 3 ppm 
labeled A to E from downfield to upfield have relative intensities of 1:1:1:2:1. A decoupling 
difference experiment clearly shows that resonance E is coupled to resonance D through an 
AB2 spin system, which is part of more extended spin system (Figure 5.3). Therefore, since 
resonance E is a triplet, resonances D and E correspond to 2H and IH, or the methylene and 
methine hydrogens, respectively; thus each of the remaining three resonances is identified as a 
methine hydrogen. 
Upon the irradiation of methine resonance D, in addition to methylene resonance E, 
another methine resonance A is decoupled; conversely, upon the irradiation of methine 
resonance A methylene resonance D was decoupled. Since resonance A is assigned to the 
methine proton bridging to the triosmium unit with hydrides Y and U, this spin system 
corresponds to a fragment W-C(HA)-C(HD)2-C(HE)=. 
The other end of the hydrocarbyl moiety is a methine proton B which is coupled to two 
hydride nuclei X and Z. Decoupling difference spectra clearly indicate methine resonance C 
and B are decoupled from another methine resonance B and C, respectively, showing the 
presence of the fragment U,2-C(HB)-C(HC)=. 
The two organic fragments are connected because upon the irradiation of methine 
resonance C, another methine resonance E changed slightly, indicating the presence of a small 
coupling. This small coupling suggests the structure is cis rather than trans over the double 
bond. Moreover, small allylic couplings were detected also; resonances D and E were 
decoupled from resonances C and B, respectively. Thus the overall structure of the 
hydrocarbyl ligand is deduced as the species U,2-CW-C(HB)-C(HC)=C(HE)-C(HD)2-C(HA)-|-12-
3 1P NMR Experiments. 31P NMR spectra of the new compound in acetone-da at 
room temperature were recorded twice while changing proton broad-band decoupling 
frequencies: one corresponds to 5 ppm and the other to -16 ppm in a *H NMR spectrum. In 
both cases four broad singlets with equal intensities were observed; coupling between 
phosphorus nuclei was not resolved (Figure 5.4). The linewidth of each resonance as 
calculated by a line fitting program gave a larger value for a resonance recorded with the 
hydride region irradiated than when the hydrocarbon region was irradiated. This may be 
caused by couplings to six equivalent ortho protons in the phenyl groups of a 
triphenylphosphine ligand. Jpp was estimated to be at most 11 Hz by the linewidth of the 
resonances. It is quite interesting to note that two of the four phosphorus resonances show 
similar chemical shifts, differing by only 0.8 ppm. 
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Figure 5.4. 31P{ !H} NMR spectrum of [H20s3(CO)8(PPh3)2]2(^-c/J-
CHCH=CHCH2CH) in acetone-dg. 
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Selectively 3 1P decoupled JH NMR experiments confirm connectivities between the 
31P nuclei and the hydride nuclei (Figure 5.5 and Table 5.1). Upon the selective irradiation of 
each of the four phosphorus resonances, the doublets in the lH NMR spectrum collapsed in 
turn. For example, upon the irradiation of resonance Pi the largest doublets of hydride 
resonances Y and U disappear; thus this phosphorus nucleus is coupled to both hydride nuclei 
Y and U by 31.1 and 27.4 Hz, respectively. Likewise, resonance P2 is also coupled to 
hydride resonances Y and U by 9.0 and 10.6 Hz, respectively. Therefore, two phosphine 
ligands Pi and P2 belong to the same triosmium framework as hydride ligands Y and U. It 
should be noted that hydride nuclei Y and U are part of the same spin system in the !H NMR 
data set. 
Upon the irradiation of P3 the largest doublets of hydride resonances X by 31.1 Hz and 
Z by 10.9 Hz collapse, indicating heteronuclear couplings. Similarly, the irradiation of P4 
leads to decoupling of J(P4HX) of 2.0 Hz and J(P4HZ) of 8.5 Hz. This result shows that the 
two phosphine ligands P3 and P4 are associated with the triosmium unit that contains hydride 
ligands X and Z, which also exhibit a homonuclear coupling to each other. 
13C NMR Data. The 13C NMR spectrum of the unenriched new compound in 
acetone-do shows ten doublets in the sp2 carbon region (Table 5.2). By the similarity of 
chemical shifts and coupling constants, they are classified into three groups. From the relative 
intensities, the small J(PC) coupling of ca. 2 Hz, and their chemical shifts, the three resonances 
at 8 131.70 (1C), 131.65 (2C), and 131.34 (1C) are assigned to the para-carbons of the 
triphenylphosphine ligands.8 From their relative chemical shifts, the four resonances with 
equal intensities of 2C at 8 134.86,134.16, 133.56, and 133.50 are assigned to the ortho-
carbons of the phenyl groups of the triphenylphosphine ligands.8 By the same reasoning, the 
three resonances at 8 129.63 (4C), 129.15 (2C), and 129.04 (2C) correspond to the meta-
carbons of the phenyl groups of the triphenylphosphine ligands.8 This result also confirms the 
presence of four inequivalent phosphine ligands. 
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Figure 5.5. Selectively 31P decoupled *H NMR spectra of [H20s3(CO)g(PPh3)2]2(fA;C«-
CHCH=CHCH2CH) in acetone-dg: a) P\ was irradiated; b) P2 was irradiated; 
c) P3 was irradiated; d) P4 was irradiated. 
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Table 5.2. 13C NMR parameters for 
[H2Os3(CO)8(PPh3)2]2(fA-cw-CHCH=CHCH2CH)a 
8b 
134.86 
134.16 
133.56 
133.50 
131.70 
131.65 
131.34 
129.63 
129.15 
129.04 
multc 
d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
Jd 
9.8 
10.3 
11.8 
11.6 
2.1 
1.8 
1.9 
10.5 
10.6 
10.3 
int 
2C 
2C 
2C 
2C 
1C 
2C 
1C 
4C 
2C 
2C 
assgnt 
o-Ph 
o-Ph 
o-Ph 
o-Ph 
p-Ph 
p-Ph 
p-Ph 
m-Ph 
m-Ph 
m-Ph 
aacetone-d6; 125.8MHz. bChemical shifts were referenced to the 
carbonyl carbon resonance in acetone-d at 8 206.0. ^Multiplicities 
based on the lH decoupled spectrum. dJ(PH) Hz. 
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Resonances for the ipso-carbons of the phenyl groups, the carbons for the hydrocarbyl 
ligands, and the carbonyls were not observed using a sample at natural 13C abundance. 
Other Characterization. Field desorption mass spectrometry did not give the 
molecular ion peak for the proposed compound, [H20s3(CO)8(PPh3)2te(n-C5H6); presumably 
the hydrocarbyl moiety underwent fragmentation. Consistent with this interpretation, a 
fragment ion of 1392 corresponding to [H20s3(CO)g(PPh3)2(C5H6)]+ was observed. The 
observed isotope pattern fits well to the calculated pattern for the ion (Figure 5.6). Other 
observed fragment ions containing a triosmium framework with two phosphine ligands include 
[H2Os3(CO)7(PPh3)2(C5H6)]+, [H20s3(CO)8(PPh3)2(CH2) - x CO]+(x = 0, 1,2), and 
[H2Os3(CO)8(PPh3)2 - X CO]+ (x=0, 1, 2, 3, 4, 6). 
Elemental analysis was consistent with the proposed compound. A structure in which 
two triosmium units each having one phosphine ligand are connected through the hydrocarbyl 
moiety is inconsistent with the microanalytical results. As expected, no nitrogen was found. 
Phosphorus analysis has not been carried out because of the limited amount of the isolated 
compound. 
Reaction in CH2CI2 Solvent. The reaction of H20s3(CO)g(PPh3) in another 
halogenated solvent, CH2CI2, with excess ethereal diazomethane was carried out at room 
temperature to investigate possible solvent effects. After separation by TLC, two major 
products were obtained. One of these is the expected pair of PPIy methyl / methylene 
tautomers, mentioned earlier. Besides the pair of the tautomers, a new product was also 
isolated; the dimer of triosmium units was not detected or isolated in this reaction. 
The JH NMR spectrum of the new compound exhibits nine resonances in the 
hydrocarbon region with relative intensities of 2:2:2:2:2:2:2:3:3 in order of increasing field, but 
does not exhibit any hydride resonances. The continuous-wave irradiations of the triplet (3H) 
at 8 1.18 and the quartet (2H) at 8 3.48 led to the decouplings of the triplet and the quartet, 
respectively, establishing the presence of an ethyl fragment. Two doublets at 8 7.79 and 7.73 
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Figure 5.6. Comparison of calculated and experimental isotope pattern for 
[H2Os3(CO)8(PPh3)2](C5H6). 
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in the aromatic region are coupled each other because both resonances have the same coupling 
constant of 8.0 Hz and because it is highly unlikely that the phosphorus couplings to the ortho 
and meta protons in a phenyl group are exactly the same.17 
The JH COSY spectrum indicates cross peaks between the triplet signals of intensity 
2H at 8 3.68 and 4.16; clearly, two methylene fragments are connected each other. Similarly, 
the triplet (2H) at 8 3.51 exhibits cross peaks to another triplet (2H) at 6 3.57; these two 
resonances correspond to one ethylene moiety. The quartet at 8 3.48 shows cross peaks to 
another triplet at 8 4.16. Considering the multiplicities of these resonances, these off-diagonal 
peaks suggest a small four-bond coupling that is unresolved in a one-dimensional lH NMR 
spectrum. Overall this new compound possess one ethylene fragment, one ethyl fragment that 
connects to another ethylene moiety, one methyl group, and two degenerate methine protons 
that are coupled each other. 
5 .3 . Discussion 
Positions of the Phosphine Ligands in [(u-H)20s3(CO)8(PPh3h]2(H-ci> 
CHCH=CHCH2CH). The position of each phosphine ligand is deduced from its 
phosphorus coupling constants to the hydride ligands. In one osmium unit with bridging 
hydrides X and Z a large coupling constant of 2J(PsHX) of 31.1 Hz indicates that the 
phosphine ligand is trans to hydride ligand X.9<10 The other hydride Z in the same unit 
couples to two phosphorus nuclei of P3 and P4 in a comparable magnitude, 10.9 Hz and 8.5 
Hz, respectively; thus the two corresponding phosphines are located in positions cis to the 
bridging hydride. Therefore, phosphine ligand P3 is located in the equatorial position trans to 
bridging hydride ligand X and also cis to the other bridging hydride ligand Z. From steric 
considerations two tripheylphosphine ligands are not likely to be associated with one metal 
center. At the same time a phosphine ligands hve been known to prefer an equatorial position 
to an axial position, as found in (u-H)(H)Os3(CO)io(PPh3),u (H-H)2Os3(CO)g(PPh3),12 
and Os3(CO)j i(P(OMe)3).13 Therefore, the other phosphine ligand R4is in the equatorial 
position cis to the hydride ligand Z on the osmium atom to which only one hydride ligand Z is 
bonded (Figure 5.7). 
In the other osmium unit with bridging hydride ligands Y and U, the two phosphorus 
couplings to hydride U are 2J(PiHu) of 27.4 and 2J(P2Hu) of 10.6 Hz; thus phosphine 
ligands Pi and P2 are situated at positions trans and cis to hydride U, respectively. Due to 
steric effects, the two phosphine ligands should be coordinated to each of the two osmium 
atoms to which the hydride ligand bridges. 
The other hydride ligand Y in the same unit shows a 2J(PiHy) of 9.0 Hz, indicating a 
cis coupling. A small coupling of J ^ H y ) of 1.2 Hz shows a three-bond coupling across a 
metal-metal bond.9.10.14"16 
Therefore, phosphine ligand Pi is located in the equatorial position trans to one hydride 
ligand U and also cis to the other hydride ligand Y. Another phosphine ligand is in the 
equatorial position to bridging hydride ligand U on the osmium atom to which only one 
hydride, U is bonded. 
Proposed Structure of [H20s3(CO)g(PPh3)2k(H-c:s-
CHCH=CHCH2CH). Overall, these data suggest that the isolated compound is 
[H20s3(CO)s(PPh3)2]2(^-cw-CHCH=CHCH2CH). The presence of four inequivalent 
phosphine ligands is clearly shown by both 31P and 13C NMR spectra. *H NMR spectra and 
mass spectra showing such fragment peaks as [H20s3(CO)g(PPh3)2 - x CO]+ (x=0, 1,2,3,4, 
6) indicate that one triosmium unit contains two phosphine ligands. 
The fragment ion corresponding to IH2Os3(CO)8(PPh3)2(C^H^+ indicates that the 
hydrocarbyl fragment is at least C5H& On the other hand, the hydrocarbon region of lH NMR 
spectra shows that the compound contains at most four methine units and one methylene unit, 
making the overall hydrocarbon fragment C5H6. Thus, the formulation C5H6, for the bridging 
unit connecting the two triosmium carbonyl framework with H20s3(CO)g(PPh3)2 is quite 
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Figure 5.7. Proposed structure of [H2Os3(CO)8(PPh3)2]2(|x-cw-CHCH=CHCH2CH) in 
acetone-d<5. 
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consistent with the data. 
The only inconsistency in this formulation is found in the 31P NMR data; two 
phosphine ligands in the same osmium unit should show homonuclear 3J(PP) couplings of 10 
to 20 Hz; especially those in the unit with hydride ligands X and Z which are expected to 
display a large homonuclear coupling because they are located cis within the equatorial 
plane.8*9 However, 31P homonuclear coupling constants for these resonances are at most 10 
Hz. 
The structure of this compound is deduced in Figure 5.7. Bridging hydride ligand U is 
expected to be on the other side of the hydrocarbyl plane from hydride ligand Z because of the 
steric hindrance of two phosphine ligands. Two phosphine ligands that are situated cis to 
hydride ligands U and Z on the Os(CO)3L units are expected to be those which exhibit very 
similar chemical shifts in 31P NMR data. 
5 .4 . Experimental Section 
Manipulations were performed under an atmosphere of nitrogen using standard Schlenk 
techniques. Elemental analyses were performed by the staff of the Microanalytical Laboratory 
of the School of Chemical Sciences. Infrared spectra were recorded on a Perkin-Elmer model 
1750 FT spectrometer. lH NMR spectra were recorded on a General Electric QE-300, Nicolet 
NT 350, or a General Electric GN-500 spectrometer. Chemical shifts were referenced to 
internal residual acetone-dg at 2.04 ppm or residual CHCI3 in its deuterated solvent but are 
reported relative to tetramethylsilane. Decoupling difference experiments were carried out on a 
General Electric GN-500 spectrometer with 100 transients for each irradiation. &C NMR 
spectra were recorded on a General Electric GN-500 spectrometer at 125.8 MHz. Chemical 
shifts were referenced to the carbonyl carbon of acetone-d^ at 206.0 ppm. 31p NMR spectra 
were recorded on a General Electric GN-300 spectrometer at 121.6MHz at 20.7 °C. Chemical 
shifts were referenced to external 85 % phosphoric acid at 20.7 °C. Selectively 31P decoupled 
lH NMR experiments were performed on a General Electric GN-500 spectrometer with 
external electronics to monitor the decoupling power with the assistance of Dr. Vera Mainz in 
the Molecular Spectroscopy Laboratory of the School of the Chemical Sciences at the 
University of Illinois at Urbana-Champaign. Field desorption mass spectra were recorded on a 
Varian 731 spectrometer by the staff of the Mass Spectrometry Laboratory of the School of 
Chemical Sciences. 
Preparation of Pair of Tautomers HOs3(CO)9(PPh3)(n-CH3) / 
H20s3(CO)8(PPh3)(u,-CH2). An excess of ethereal diazomethane was added to a 
solution of H20s3(CO)9(PPh3) (20.2 mg) in CHCI3 (25 ml) and the solution was stirred 
magnetically for fifteen min. at room temperature. After removing the solvent in vacuum, thin 
layer chromatography using hexane/CHoCb (2:1) as solvent provided several products. The 
first faint minor yellow band was extracted by CH2CI2; yield ca. 5 %. lH NMR (CDCI3, 
360.06 MHz) 8 -3.67 (s), -15.37 (s), -20.17 (d, J=7.5 Hz). 
An excess of ethereal diazomethane was added to a solution of H20s3(CO)g(PPh3) 
(22.1 mg) in different solvent, CH2CI2 (30 ml), and the solution was stirred magnetically for 
fifteen min. at room temperature. After removing the solvent in vacuum, thin layer 
chromatography using hexane/CH2Ch (2:1) as solvent provided several products. The first 
yellow band was extracted by CH2C12; yield ca. 5 %. ^H NMR (CDCI3, 500 MHz) 6 5.08 
(m), 4.26 (dm, J=9.4 Hz), -15.37 (s, br), -20.18 (d, J=11.5 Hz). IR(v(CO); cyclohexane): 
2090 (w), 2072 (w), 2053 (s), 2047 (m), 2039 (w),2008 (vs), 1995 (s), 1976 (w), 1969 (w), 
1959 (w), 1960 (w). 
Preparation of [H2Os3(CO)8(PPh3)2]2(f*-cis-CHCH=CHCH2CH). 
An excess of ethereal diazomethane was added to a solution of H20s3(CO)g(PPh3) in CHCI3 
and the solution was stirred magnetically for fifteen min. at room temperature. After removing 
the solvent in vacuum, thin layer chromatography using hexane/CH2Cl2 (2:1) as solvent 
provided several products. The major product, the first major yellow band, was extracted by 
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CH2CI2 and recrystallized from ethanol. mp 167 °C. Anal. Calcd C93H70O16OS6P4: C, 
41.24; H, 2.58. Found: C, 40.64; H, 2.69. (nitrogen was not detected.) IR(v(CO); 
cyclohexane): 2078 (w), 2060 (vw), 2040 (m), 2014 (s), 1997 (vs), 1988 (m, sh), 1965 (w), 
1959 (w), 1944 (w). lH NMR (acetone-do, 300 MHz) 8 5.22 (m, IH), 4.41 (m, IH), 4.54 
(tq, J=7.2, 2.4 Hz, IH), 3.55 (m, 2H), 3.41 (t, J= 5.2 Hz, IH), -14.45 (dt, J=31.1, 2.0, 
IH), -15.07 (ddd, J=9.0, 2.4, 1.2, IH), -19.21 (ddt, J=10.9, 8.5, 2.3, IH), -19.45 (ddt, 
J=27.2, 10.7,2.1, IH) 31P NMR (acetone-do, 121.7 MHz) 8 11.6 (s, IP), -1.0 (s, IP), -
1.8 (s, IP), -4.0 (s, IP). FD-MS (Os= 192): m/e 1392, 1366 [H2Os3(CO)8(PPh3)2(C5H6)- x 
CO]+(x = 0, 1, respectively); 1340, 1312, 1284 [H2Os3(CO)8(PPh3)2(CH2) - x CO]+(x = 0, 
1, 2, respectively); 1326, 1298, 1270, 1242, 1214, 1158 [H2Os3(CO)8(PPh3) - x CO]+ (x=0, 
1, 2,3,4,6, respectively); 1078 [H2Os3(CO)8(PPh3)(CH2)]+; 802 [H2Os3(CO)8]+ 
Reaction of H20s3(CO)s>(PPh3) with diazomethane in CH2CI2 Solvent. 
An excess of ethereal diazomethane (10-50 eq) was added to a solution of 
H20s3(CO)9(PPh3) (22.1 mg) in CH2CI2 (30 ml), and the solution was stirred magnetically 
for thirty min. at room temperature. After removing the solvent in vacuum, thin layer 
chromatography using hexane/CH2Cl2 (4:1) as solvent provided three products, the first 
yellow major band, the second colorless band, and the third yellow-oragne band. The third 
yellow-orange product was extracted by CH2CI2. JH NMR (acetone-do, 500 MHz) 8 7.79 
(d, J=8.0, 2H), 7.33 (d, J=8.0, 2H), 4.16 (dd, J=4.8,4.8, 2H), 3.68 (t, J=4.8, 2H), 3.57 
(m, J= 4.5, 2H), 3.51 (m, 2H), 3.48 (q, 2H), 2.44 (s, 3H), 1.179 (t, J=7.0, 3H). 
The first band gave the tautomeric pair, HOs3(CO)g(PPh3)(|i-CH3) / 
H20s3(CO)8(PPh3)(fi-CH2). The second colorless band gave one doublet at 8 -18.67 with a 
coupling of 9.4 Hz in the hydride region in the [H NMR spectrum. 
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Chapter 6: 
Solution Structure and Dynamics of HOs3(CO)io(u.-CH3) 
and Its Methylene Tautomer. 
6 . 1 . Introduction 
The "structure" of an organometallic compound is customarily "determined" by single 
crystal X-ray diffraction. Secondary probes, i.e. NMR, are applied by analogy and in relation 
to the solid state structure in order to establish conginence (or lack thereof) with the dissolved 
condition. Where these methods are not in agreement due to inherent time scale differences, 
possible structural differences can be masked (e.g., Fe3(CO)i2). However, due to the 
difficulty in obtaining single crystals, the utility of solution NMR studies for structure 
determination of biopolymers is well developed. Such techniques can also be applied to 
organometallic compounds in instances where the obtention of single crystals is difficult and 
where dynamic problems are not encountered. This chapter includes the application of modern 
2-D NMR techniques to the determination of the solution structure adopted by the 
organometallic cluster HOs3(CO)io(n-CH3). 
This compound is part of a tautomeric pair derived from the interaction of 
H20s3(CO) 10 with diazomethane. 1 However, only the methylene tautomer crystallized from 
solution and its structure was determined by X-ray and neutron diffraction studies,^ one 
hydride bridges the same edge as the axial methylene moiety and the other hydride occupies an 
adjacent edge. Though the methyl protons were found to be spectroscopically equivalent, 
deuterium labelling studies showed that the methyl moiety has an agostic interaction.4 For the 
methyl tautomer the structure (A) with an axial methyl moiety bridging the same edge as a 
hydride was proposed based on lH NMR evidence and analogy with the methylene tautomer. 
However, recently an alternative structure was proposed by analogy with 
H20s3(CO)ioSn(CH(SiMe3)2)2-5 In this complex isoelectronic with the methyl tautomer, 
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the bridging tin atom is coplanar with the triosmium framework; one hydride is involved in a 
Sn-H-Os interaction and the other hydride bridges an adjacent edge of the osmium triangle. An 
analogous new structure (B) was proposed in which the methyl carbon is coplanar with the 
triosmium framework. 6 
x . i „,** x.\,-*-
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Interproton distances in the methyl and the methylene tautomers were calculated based 
on lH and l^C NOE and T i relaxation studies.7 Though the result favors structure A, it is not 
conclusive. 
This chapter presents a series of 13C NMR experiments on the methyl / methylene 
tautomers. The solution structure of the methyl species is unambiguously deduced from 13C 
NMR spectra of the carbonyl region. Furthermore, this chapter includes 13C presaturation 
transfer experiments which establish the solution dynamics of the methyl/methylene tautomers. 
6.2. Results 
Assignment of Carbonyl Resonances. The l^C {lH} NMR spectrum of 
13CO enriched (ca. 40% ) H20S3(*CO)1Q(U.-CH2)/ HOs3(*CO)iQ(n-CH3) tautomers were 
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recorded at room temperature in CDCI3. As shown in Figure 6.1, there are ten carbonyl 
resonances, labelled in Arabic numerals, with equal intensities for the methylene tautomer and 
six carbonyl resonances, labelled in Roman numerals, with relative intensities of 2:2:2:2:1:1 for 
the methyl tautomer. This observation for the methyl tautomer shows that the cluster possesses 
a time-averaged plane of symmetry. Later this symmetry argument will be discussed further 
again. 
Resonances 6 and 9 for the methylene tautomer as well as resonances V and VI for the 
methyl tautomer show triplet patterns, which are caused by a partial 13C incorporation of about 
40 % and large two-bond carbon-carbon trans couplings.10-13 These resonances are readily 
assigned to the coaxial carbonyls of each tautomer. 
The other resonances are assigned by a combination of 13C {1H}COSY and selective 
lH decoupling 13C NMR experiments. The 13C {1H}COSY spectrum of H20s3(*CO)io(u-
CH2)/ HOs3(*CO)io(^-CH3) tautomers is shown in Figure 6.1. Connectivities of the methyl 
and the methylene tautomers are shown in the upper left triangle and the lower right half 
triangle, respectively. The off-diagonal peaks show that the two corresponding resonances are 
coupled. In triosmium carbonyl clusters two-bond couplings of 3-4 Hz are large enough to 
appear in off-diagonal peaks, but three bond couplings (1 Hz or less) are too small to appear in 
this condition.14"16 In other words, two carbonyls which show off-diagonal peaks are bonded 
to the same osmium atom. For example, in the methylene tautomer resonances 1,3,6, and 9 
are coupled each other. Since resonances 6 and 9 are the coaxial carbonyls with characteristic 
satellite peaks, resonances 1 and 3 are assigned to the equatorial carbonyls of the Os(CO)4 
unit Likewise, in the methyl tautomer resonances III, V, and VI are coupled each other. 
Resonances V and VI are coaxial carbonyls, so resonance 3 is assigned to the equatorial 
carbonyls of the Os(CO)4 unit. Resonances 2 and 7 as well as 5 and 10 are assigned to 
carbonyls bonded to the same metal atom, respectively. Obviously each of these pairs 
corresponds to one of the Os(CO)3 units. 
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Figure 6.1. 13C{1H} COSY spectrum of a pair of tautomers of (u-H)Os3(CO)io(n-CH3) / 
(H-H)20s3(CO)io(u.-CH2) in CDCI3 at room temperature. Connectivities of 
the methyl and the methylene tautomers are shown in the upper left and the 
lower right triangles, respectively. 
207 
(M-H)Os3(*CO)l0(M-CH3) 
vi v 
Js k 
-.0 
10 8 
IV 
| 1 1 1 1 1 1 r 
185 180 
1 
III 
T: 
(Ii-H)2Os3(*CO)l0(n-CH2) 
115 
LJUl JLUL y LU 
- l 1 1 1 1 1 1 1 1 r 
soJL. 
175 170 165 PPM 
208 
Selectively lH decoupled 13C NMR experiments give the information necessary to 
assign the remainder of the carbonyl signals (Figure 6.2). The carbonyls on one Os(CO)3 unit 
are coupled to H3 but those on the other Os(CO)3 unit are not coupled to H3. For example, 
resonances 5, 8, and 10 are coupled to H4 but not coupled to H3. Clearly these resonances 
correspond to the Os(CO)3 unit that is not bonded to H3. Resonance 8 is assigned to the 
carbonyl trans to H4 due to a large ^J(CH). Resonance 10 is assigned to the pseudo-axial 
carbonyl due to its downfield chemical shift.1719 This leaves resonance 8 for the remaining 
carbonyl in the equatorial position trans to a metal-metal bond. On the Os(CO)4 unit of the 
methylene tautomer one carbonyl is cis to H3 but the other carbonyl is trans to H3. A trans 
carbon-hydrogen coupling (10-12 Hz) is larger than a cis coupling (2.5 Hz or less). For 
example, resonances 1 and 3 sharpen upon the irradiation of H3; hence, H3 is coupled to 
carbonyls 1 and 3. Upon the irradiation of H4 they do not show any changes; hence, 
carbonyls 1 and 3 are not coupled to H4. Since only H3 is coupled to carbonyls 1 and 3, these 
carbonyls are the equatorial carbonyls of the Os(CO)4 unit in the methylene tautomer, 
consistent with the 13c COSY spectrum. The coupling constant of resonance 3 to H3 is larger 
than that of resonance 1 to H3. Therefore, resonance 3 and 1 are asssigned to the carbonyls 
trans and cis to H3 on the Os(CO)4unit, respectively. Likewise all the other carbonyls are 
assigned. 
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Figure 6.2. 13C NMR spectra of (^i-H)0s3(C0) I0(li-CH3) / (p-H)2Os3(CO)i0(K-CH2) 
tautomers in CDCI3 at room temperature: (a) lH coupled; (b) H3 selectively 
irradiated; (c) H4 selectively irradiated. 
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13C spin Saturation Transfer Experiments. 13C NMR spin saturation transfer 
experiments were carried out on HOs3(*CO)^(p.-CH3) / H20s3(*CO)%)(u,-CH2) tautomers 
in toluene-dg at 65 °C (Figure 6.3). Resonances 1 and 2 in the methylene tautomer were 
chosen for the irradiations because each of them is well separated from the other resonances, 
resulting in better selectivity in the irradiations. The selective irradiation of resonance 1 of the 
methylene tautomer leads to a significant decrease in intensity of resonance 3 in the methylene 
tautomer and resonance III in the methyl tautomer; the selective irradiation of resonance 2 in the 
methylene tautomer leads to a significant decrease in intensity of resonance 5 in the methylene 
tautomer and resonance II in the methyl tautomer. 
The intramolecular saturation transfer of the methylene tautomer, i.e. the conversions of 
carbonyls 1 and 2 to carbonyls 3 and 5, respectively, are explained by a hydride hopping 
mechanism, in which H3 hops from one edge to another equivalent edge. Moreover, this 
hydride hopping is consistent with observed line broadening in the methylene tautomer at 65 °C 
that all the carbonyl but coaxial carbonyl resonances broaden. 
The tautomeric saturation transfer is explained by a hydrogen insertion mechanism. 
When H3 inserts into a a bond between an osmium atom and the carbon atom of the methylene 
moiety, the methylene tautomer converts to the methyl tautomer. This hydrogen insertion 
mechanism is consistent with the result of ^H spin saturation transfer experiments in which the 
methyl protons of the methyl tautomer were found to be in exchange with the hydride bridging 
an adjacent edge of the methylene moiety.4 
6 .3 . Discussion 
Solution Structure of (u.-H)Os3(CO)io(n-CH3). Our results strongly favor 
structure A rather than structure B for the solution structure of the methyl species. Firstly, 
couplings between carbonyl carbon and the hydride proton nuclei strongly favor structure A 
over structure B. In structure A none of the carbonyls on the Os(CO)4 unit should couple to 
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the hydride whereas in structure B the carbonyls on the Os(CO)4 unit should couple to the 
hydride, for example, the equatorial carbonyls on the Os(CO)4 unit should experience averaged 
cis and trans couplings about 6 Hz. However, neither resonance III, assigned to the equatorial 
carbonyls on the Os(CO)4 unit, nor resonances V and VI, assigned to the axial carbonyls on 
the unit, show any coupling to the hydride in the lH coupled spectrum; this result is consistent 
with only structure A. Likewise resonance I, assigned to the equatorial carbonyls on the 
Os(CO)3 units, show 2J(CH) of 12 Hz, a typical value for a trans carbonyl-hydride coupling. 
This value is consistent with structure A. However, in structure B in which the two carbonyls 
trans to the hydride and to the metal-metal bond can become equivalent due to hydride 
fluxionality, the expected coupling constant between the carbonyls and the hydride is about 6 
Hz, which is an arithmetic average of 0 Hz and -J(CH)trans of around 12 Hz, but this is not 
observed. 
Secondly, the 13C-NMR data supports structure A. 13C-NMR spectra show six 
resonances for carbonyls in the methyl tautomer at room temperature as well as at -40 °C 
without any line broadening. These data clearly indicate the presence of a plane of symmetry 
perpendicular to the plane across the three metal atoms. In structure A the rapid methyl group 
rotation will create such a reflection plane (Figure 6.4).4-20 In contrast, in sturcure B, which 
contains a plane of symmetry defined by the three metal atoms, seven carbonyl resonances with 
relative intensities of 2:2:2:1:1:1:1 would be expected. 
Thirdly, the chemical shift of the hydride ligand in the methyl tautomer is 8 -15.45, 
which is very close to that of one of the hydrides, 8 -15.55 in the methylene tautomer.1-2'4 In 
structure A the local environment around the hydride ligand in the methyl tautomer is quite 
similar to that around the hydride ligand in the methylene tautomer that shares the same edge 
asthe methylene moiety. In contrast, in structure B the local environment around the hydride is 
quite different from that of the methylene cluster, which is rather inconsistent with !H chemical 
shift data. 
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Figure 6.4. Two proposed structures for (u.-H)Os3(CO) 10(M-CH3) with methyl group 
rotation. 
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Finally, the tautomeric process is explained more plausibly by structure A than by 
structure B. In lH spin saturation transfer experiments the methyl protons in the methyl isomer 
exchange with the two methylene protons and the hydride ligand bridging the adjacent edge as 
the methylene moiety in the methylene isomer.7 In structure A the interconversion mechanism 
of the two tautomers is explained by the transfer of one hydrogen atom from the methyl moiety 
in the methyl tautoemr into an adjacent metal-metal bond and the insertion of the hydride ligand 
to a metal-carbon bond in the methylene moiety; the methyl and the methylene groups remain in 
the axial position during the interconversion. However, in structure B each tautomerization 
process involves the oscillation of the bridging hydrocarbyl moieties between in the equatorial 
position in the methyl tautomer and in the axial position in the methylene tautomer. In structure 
A the carbon atoms in the methyl and methylene moieties move much less in the 
tautomerization process than in structure B. 
For all these reasons we conclude that the solution structure of the methyl tautomer is 
much more consistent with structure A than with structure B. 
Solution Dynamics of the Methyl and the Methylene Tautomers. The 
overall solution dynamics of the four isomers constituting the methyl/methylene tautomer pair 
is shown in Figure 6.5. In the methyl tautomer methyl group rotation involves the 
simultaneous formation and cleavage of a CH bond and an agostic interaction. This process 
(denoted as a in Figure 6.5) is the most facile process of all ,20 and introduces a time-averaged 
plane of symmetry perpendicular to the plane defined by the three metal atoms in the molecule. 
to the edge with the bridged methylene group in the methylene cluster, inserts into a metal-
carbon bond in the methylene moiety to form the methyl tautomer; conversely, in the 
conversion from the methyl tautomer to the methylene tautomer the agostic hydrogen in the 
methyl moiety transfers to the bridging site in one of the two equivalent edges not bridged by 
the methyl group to form the methylene complex. 
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Figure 6.5. Solution dynamics of pair of the tautomers, (u,-H)Os3(CO)io(M-CH3) and 
(HrH)2OQ(CO)i0(|i-CH2). 
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The tautomeric interconversion (c) is the slowest process of all. In the conversion from 
the methylene tautomer to the methyl tautomer, the hydrogen atom that bridges an adjacent to 
the methylene-bridged edge, inserts into a metal-carbon bond in the methylene group to form 
the methyl moiety; conversely, in the conversion from the methyl tautomer to the methylene 
tautomer the agostic hydrogen in the methyl moiety transfers to the bridging site in one of the 
two equivalent edge not bridged by the methyl group to form the methylene moiety. 
The second fastest process (b) involves this hydrogen inserted into a metal-metal bond in 
process c; in the methylene cluster this hydrogen that bridges an edge of the triangle not 
bridged by the methylene group transfers into the other edge of the triangle not bridged by the 
methylene group. This intramolecular process also would create a time-averaged plane of 
symmetry relating these two edges, if this transfer is fast enough. 
6 .4 . Experimental Section 
Materials and Methods. The compounds were prepared by literature methods. 1 
13CO enrichment was performed with Os3(CO)i2 by stirring for three days at 120°C in decalin 
in the presence of twelve equivalence of 99% enriched 13CO. Solutions for the NMR 
experiments were prepared in perdeuterated solvents, degassed by freeze-pump-thaw 
sequences, and sealed in tubes under vacuum. 
NMR Spectroscopy. 13C NMR spectra using 13CO enriched samples were 
recorded on a General Electric GN-500 spectrometer equipped with an NIC 1280 computer. 
When broad-band lH decoupling was used for 13C NMR experiments using 13CO enriched 
sample, the decoupling frequency was adjusted so that it corresponds to 8 -12 in *H NMR 
spectra. Chemical shifts of carbonyl resonances are referenced to the CDCI3 carbon resonance 
at 8 77.0. 
For the 13C{1H} COSY spectrum a COSY pulse sequence with additional delays of 50 
msec was used. The data matrix was acquired with 512 data points in 1\ and 1024 data points 
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in *2- A total of 64 ID spectra along the t\ dimension were collected. Appodization was 
applied to all data sets with 0.5-Hz exponential line-broadening followed by 10° shifted sine 
bell. The frequency domain matrices were symmetrized along the Fi=F2 diagonal. 
Selective lH decoupled 13C NMR spectra were obtained by using a one pulse sequence 
decoupler on during acquisition time to minimize the effects of the hydride hopping in the 
methylene tautomer. 13C spin saturation transfer experiments were carried out with the help of 
Dr. Vera Mainz in the Molecular Spectroscopy Laboratoy of the School of Chemical Sciences 
at the University of Illinois at Urbana-Champaign. A directional coupler was inserted between 
the output of the transmitter and the probe and the power reflected back from the probe due to 
13C decoupling was monitored during the course of the experiments as a precaution. The 13C 
decoupling power was adjusted by running selectively 13C decoupled and broad-band lH 
decoupled 13C NMR spectra so that resonances close to the selective irradiation remain 
unaffected. Selectivity less than 100 Hz was achieved. 
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